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ABSTRACT 
Diseases in natural ecosystems are often assumed to be less severe than those 
observed in domestic cropping systems due to the extensive biodiversity exhibited in 
wild vegetation communities. In Australia, it is this natural biodiversity that is now 
under threat from Phytophthora cinnamomi. The soilborne Oomycete causes severe 
decline of native vegetation communities in south-western Victoria, Australia, 
disrupting the ecological balance of native forest and heathland communities. 
While the effect of disease caused by P. cinnamomi on native vegetation 
communities in Victoria has been extensively investigated, little work has focused on 
the Anglesea healthlands in south-western Victoria. Nothing is known about the 
population structure of P. cinnamomi at Anglesea. This project was divided into two 
main components to investigate fundamental issues affecting the management of P. 
cinnamomi in the Anglesea heathlands. The first component examined the 
phenotypic characteristics of P. cinnamomi isolates sampled from the population at 
Anglesea, and compared these with isolates from other regions in Victoria, and also 
from Western Australia. The second component of the project investigated the effect 
of the fungicide phosphonate on the host response following infection by P. 
cinnamomi. 
Following soil sampling in the Anglesea heathlands, a collection of P. cinnamomi 
isolates was established. Morphological and physiological traits of each isolate were 
examined. All isolates were found to be of the A2 mating type. Variation was 
demonstrated among isolates in the following characteristics: radial growth rate on 
various nutrient media, sporangial production, and sporangial dimensions. Oogonial 
dimensions did not differ significantly between isolates. Morphological and 
physiological variation was rarely dependant on isolate origin. 
To examine the genetic diversity among isolates and to determine whether 
phenotypic variation observed was genetically based, Random Amplified 
Polymorphic DNA (RAPD) analyses were conducted. No significant variation was 
observed among isolates based on an analysis of molecular variance (AMOV A). The 
results are discussed in relation to population biology, and the effect of genetic 
variation on population structure and population dynamics. 
X. australis, an arborescent monocotyledon indigenous to Australia, is highly 
susceptible to infection by P. cinnamomi. It forms an important component of the 
heathland vegetation community, providing habitat for native flora and fauna. A cell 
suspension culture system was developed to investigate the effect of the fungicide 
phosphonate on the host-pathogen interaction between X. australis and P. 
cinnamomi. This allowed the interaction between the host and the pathogen to be 
examined at a cellular level. 
Subsequently, histological studies using X. australis seedlings were undertaken to 
support the cellular study. Observations in the cell culture system correlated well 
with those in the plant. The anatomical structure of X. australis roots was examined 
to assist in the interpretation of results of histopathological studies. The infection of 
single cells and roots of X. australis, and the effect of phosphonate on the interaction 
are described. Phosphonate application prior to inoculation with P. cinnamomi 
reduced the infection of cells in culture and of cells in planta. In particular, 
phosphonate was found to stimulate the production of phenolic material in roots of X. 
australis seedlings and in cells in suspension cultures. In phosphonate-treated roots 
of X. australis seedlings, the deposition of electron dense material, possibly lignin or 
cellulose, was observed following infection with P. cinnamomi. It is proposed that 
ii 
this is a significant consequence of the stimulation of plant defence pathways by the 
fungicide. 
Results of the study are discussed in terms of the implications of the findings on 
management of the Anglesea heathlands in Victoria, taking into account variation in 
pathogen morphology, pathogenicity and genotype. The mode of action of 
phosphonate in the plant is discussed in relation to plant physiology and 
biochemistry. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
1.1 INTRODUCTION 
Pathogens are potent selective forces whose importance in shaping the size and 
structure of individual plant communities has been underestimated (Burdon, 1991). 
A notorious plant pathogen, Phytophthora cinnamomi is responsible for one of the 
most destructive pandemics of native vegetation ever recorded in Australia (Irwin et 
al., 1995; Peters and Weste, 1997; Podger, 1972, Podger and Brown, 1989; Weste, 
1991; Wills, 1993). The Oomycete infects and kills susceptible native plant species, 
disrupting the ecological balance of vegetation communities. 
While P. cinnamomi, and the disease it causes, have been extensively researched in 
Australia and much is known of its biology, pathology and ecology, our 
understanding of the structure of the P. cinnamomi population at Anglesea in 
Victoria, Australia, is limited. Such information is critical for the management of the 
native heathland vegetation communities unique to the region. Furthermore, 
techniques for control of the pathogen remain poorly understood. The fungicide 
phosphonate successfully protects normally susceptible plant species against P. 
cinnamomi. However, the mechanisms by which phosphonate induces a host 
defence response are sti1llargely undeterm'ined. 
1.2 THE ORGANISM - PHYTOPHTHORA CINNAMOMI 
1.2.1 History and Origin 
First described by Rands in 1922 as the causal agent of stripe canker of 
Cinnamomum burmannii (Nees) Blume (cinnamon) in the highlands of western 
Sumatra (Rands, 1922), P. cinnamomi has since become established throughout 
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tropical and temperate zones as a serious and destructive root pathogen on a diverse 
range of plant species. The organism has been recorded on over 1000 host species in 
67 countries (Erwin and Ribeiro, 1996; Hardy and Sivasithamparam, 1988; Weste, 
1991; Wills, 1993; Zentmyer, 1980). In Australia, P. cinnamomi occurs in all states 
and territories on a broad range of commercial crop plants and native plant species 
(Barker and Wardlaw, 1995; Irwin et ai., 1995; Marks and Smith, 1991; Philips and 
Weste, 1984; Podger and Ashton, 1970; Shearer and Tippett, 1989; Weste, 1974, 
1994). Western Australian studies report an estimated 2000 of the 8000 to 9000 
plant species are susceptible to P. cinnamomi (Wills, 1993). In some areas of 
Victoria studies have shown up to 75 percent of species are susceptible to the 
pathogen (Kennedy and Weste, 1986; Weste and Taylor, 1971). 
Although there is evidence to suggest P. cinnamomi caused serious disease in 
agricultural crops in Queensland as early as 1887, 35 years before its identification 
by Rands (Marks and Smith, 1991; Zentmyer, 1980), it was first officially 
documented in Australia on pineapple in 1929 (Simmonds, 1966). In Victoria, one 
of the earliest possible disease records of P. cinnamomi was on lugians nigra L. 
(walnut) in 1930 (Pratt and Heather, 1973). Disease symptoms were first reported in 
Victoria's native vegetation communities in 1938 (Marks and Smith, 1991; 
Zentmyer, 1980), although P. cinnamomi was not identified as the causal organism 
until 1969 (Marks et ai., 1972; Podger and Ashton, 1970). The pathogen now poses 
a serious threat to native ecosystems and reducing production in economically 
important crops. P. cinnamomi has attained prominence as the causal agent of 
"jarrah dieback" in the Eucalyptus marginata Smith Uarrah) forests of south-western 
Australia. In Victoria, the pathogen causes dieback and decline in susceptible 
woodland and heathland communities in the south-western, eastern and southern 
areas of the state. 
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There has been much debate and speculation as to the origin of P. cinnamomi (Ann 
and Ko, 1985; Ko et al., 1978; Zentmyer, 1980) and two main hypotheses have been 
put forward for its occurrence in Australia (Newhook and Podger, 1972; Shepherd, 
1975; Weste and Marks, 1974). The first proposes that the pathogen was introduced 
many thousands of years ago and now exists as an indigenous soil microbe, only 
becoming pathogenic following alterations in environmental conditions or 
disturbances by man (Pratt and Heather, 1973; Shepherd, 1975). The second 
hypothesis assumes P. cinnamomi to be an introduced pathogen (Marks and Smith, 
1991; Weste and Marks, 1974). 
It is now generally accepted that P. cinnamomi was introduced to Australia by 
European settlers. This is substantiated by the distribution of the organism, and its 
devastating impact on native flora, suggesting a lack of resistance typical of a 
pathogen to which the existing flora are unlikely to have been exposed (Environment 
Australia, 1999a; Marks and Smith, 1991; Podger and Brown, 1989). This 
hypothesis is supported by findings of Weste and Taylor (1971) who reported the 
introduction and spread of P. cinnamomi in southern Victoria to be related to road-
making activities and drainage channels. It was further verified by the inability to 
isolate the pathogen from nearby healthy vegetation communities. Similar 
observations have been made in Western Australia (Marks et ai., 1972; Podger, 
1972; Shearer and Tippett, 1989). 
In 1992, P. cinnamomi was recognised by the Commonwealth Endangered Species 
Protection Act as a Key Threatening Process endangering Australian native 
vegetation communities and dependent fauna. Subsequently, a nationally 
coordinated 'Threat Abatement Plan' (Environment Australia, 1999a) and 
supplementary document, 'A National Overview of Phytophthora cinnamomi in 
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Australia' (1999b), were developed to combat the pathogen in native Australian 
ecosystems. 
1.2.2 Classification 
The genus Phytophthora comprises over 50 species of which 32 have been recorded 
in Australia (Brasier, 1992; Environment Australia, 1999a; Shearer, 1994; Stukely et 
ai., 1994; Weste, 1991; Zentmyer, 1980). Many of these species are important plant 
pathogens, causing disease in agriculturally and horticulturally significant plants, as 
well as numerous native Australian species. Phytophthora species are formally 
classified in the Phylum Oomycota, Order Peronosporales, Family Pythiaceae, 
Kingdom Chromista. The Oomycetes, or water moulds, produce biflagellate, asexual 
zoospores, have a fungal-like growth habit and aseptate mycelium. Until recently the 
Oomycetes were grouped in the fungal Kingdom Mycota. However, evidence 
suggests that the Oomycetes are more closely affiliated with the protists than the 
eumycotan, or true fungi (Hardham et aI., 1994; Kendrick, 1992). They Oomycetes 
exhibit several morphological, physiological, biochemical and genetic characteristics 
which distinguish them from the true fungi; they have a diploid, haplomitotic B 
lifecycle, coenocytic mycelium, cell walls containing cellulose rather than chitin, and 
heterokont flagellate zoospores (Brasier and Hansen, 1992; Erwin and Ribeiro, 1996; 
Hardham et ai., 1994). In addition, the Oomycetes synthesise lysine via the 
diaminopimelic acid pathway, rather than the aminoadipic pathway as is found in the 
higher fungi (Agrios, 1988; Brasier and Hansen, 1992; Irwin et a!., 1995). At the 
molecular level, ribosomal RNA gene sequences differ between Oomycetes and the 
true fungi, whilst there are similarities between sequences in the Oomycetes and the 
heterokont algae (Forster and Coffey, 1990; Hardham et ai., 1994) supporting the 
concept that the latter two groups are related. The evolution of the Phytophthora 
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species as a group between entirely aquatic and solely terrestrial is also reflected in 
their dependence on the presence of free water to complete their life cycle (Erwin 
and Ribeiro, 1996; Shearer, 1994; Zentmyer, 1980). P. cinnamomi thrives in the 
warm, moist conditions which occur during spring and autumn in south-eastern and 
south-western Australia (Duniway, 1979; Marks et ai., 1975; Shea et ai., 1980; 
Weste and Ruppin, 1977). 
1.2.3 Biology and Morphology 
Identification of P. cinnamomi has traditionally been based on morphological and 
cultural traits, including sporangial dimensions, structure of the sporangial apex, 
pedicel length of the sporangium, oogonial size, antheridial association and the 
occurrence of hyphal swellings and abundant chlamydospores (Stamps et aI., 1990; 
Waterhouse, 1963; Zentmyer, 1980). 
Mycelium of P. cinnamomi is coralloid and non-pigmented on potato dextrose agar 
(PDA) such that the colony pattern is typically camellioid or rosette, although 
petaloid and undefined colony patterns have been observed (Erwin and Ribeiro, 
1996; Htiberli et ai., 2001; Zentmyer, 1980) (Figure 1.1). Typical of the Oomycetes, 
hyphae of P. cinnamomi are coenocytic, branched and hyaline. Growth is initiated at 
the hyphal tips and branching patterns are affected by changes in environmental 
conditions (Erwin and Ribeiro, 1996; Shepherd and Pratt, 1974; Zentmyer et ai., 
1976). Hyphae are broad, with conspicuous swellings produced singly or in clusters 
(Figure 1.2a). As the hyphae mature, the swellings become more nodulated 
(Zentmyer, 1980). 
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Figure 1.1. Variation in colony morphology of Phytophthora cinnamomi grown 
on potato dextrose agar at 24°C in the dark for five days. Colony patterns include 
rosaceous (a and d), petaloid (b and e) and undefmed (c and f). Scale bar = 1 cm. 
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Four spore stages occur in the lifecycle of P. cinnamomi: sporangia, zoospores, 
chlamydospores and oospores (Figure 1.2). Chlamydospores are globose with thin 
walls and are produced profusely in clusters of three to ten, either terminally or on 
short lateral branches in mycelium (Figure 1.2b). Chlamydospores function as an 
important survival mechanism, persisting in dead roots and soil, enabling P. 
cinnamomi to survive long periods in the absence of a living host and to overcome 
harsh environmental conditions (Mircetich and Zentrnyer, 1967; Weste, 1983). 
Germination, to produce one or more germ tubes, is stimulated by organic nitrogen 
and root exudates (Zentrnyer, 1980). 
Sporangia enable the pathogen to produce a large amount of inoculum in a short 
period of time via zoosporogenesis (Hardham et ai., 1994; Zentrnyer, 1980). 
Sporangial production may be induced by various soil bacteria, including 
Pseudomonas species, and by nutrient depletion (Zentmyer, 1980). The sporangia, 
borne terminally on hyphae, are produced by internal or external proliferation, or by 
sympodial development of the sporangiophore below the empty sporangia (Hardham 
et ai., 1994; Ho, 1981; Hyde et ai., 1991; Zentrnyer, 1980). Sporangia of P. 
cinnamomi are typically non-papillate, ovoid or elongate to ellipsoid, and tapered or 
rounded at the base with an inconspicuous apical thickening (Erwin and Ribeiro, 
1996; Stamps et aI., 1990; Zentrnyer, 1980) (Figure 1.2c) although morphological 
variation has been reported among isolates (Htiberli et aI., 2001). 
The number of sporangia produced varies between isolates and according to 
environmental conditions (Chee and Newhook, 1965; Zentrnyer, 1980; Zentrnyer and 
Marshall, 1959). P. cinnamomi produces primarily uninucleate zoospores of ovoid 
or lemon shape. Zoospores form the major infective propagule of the pathogen 
(Hardham et ai., 1994). The zoospores are motile by two flagella, one whiplash and 
one tinsel (Cahill et aI., 1996), and move actively toward the zone of elongation of 
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the host root, to which they are attracted by chemotaxis (Carlile, 1983; Ho and 
Zentmyer, 1977; Zentmyer, 1961, 1966). While it has been suggested that negative 
geotaxis keeps the zoospores close to the soil surface where small roots are more 
abundant (Cameron and Carlile, 1977) they can be found at depths greater than one 
meter (Shea et ai., 1983; Shearer and Shea, 1987; Shearer and Tippett, 1989). At the 
host surface the zoospores encyst, and germinate by producing germtubes. 
The sexual oospores function as persistent propagules in diseased plant material 
(Erwin and Ribeiro, 1996; Mircetich and Zentmyer, 1967). Oospores of P. 
cinnamomi are generally rounded with smooth walls and are hyaline to yellow-brown 
in colour (Erwin and Ribeiro, 1996; Stamps et al., 1990). Antheridia may be 
unicellular or bicellular and were traditionally believed to be only amphigynous 
(Figure 1.2d). More recently paragynous antheridia have been observed in P. 
cinnamomi cultures (Daniel et at., 1999; Hliberli et at., 2001, 1997). 
1.2.3.1 Sexual reproduction 
P. cinnamomi is a heterothallic species and sexual reproduction requires the presence 
of two mating types, Al and A2 (Brasier, 1992; Haasis et ai., 1964; Savage et al., 
1968; Zentmyer, 1976). In Australia, mating type A2 is more prevalent and oospores 
do not commonly occur in the field (Pratt et at., 1972). Al isolates have occasionally 
been observed in Queensland, New South Wales, Tasmania, Western Australia and 
the Australian Capital Territory (Irwin et at., 1995; Old et at., 1988; Podger, 1989). 
Sexual reproductive structures of P. cinnamomi comprise an antheridium (male) and 
an oogonium (female). Sexual reproduction occurs when the antheridium and 
oogonium of compatible mating types (i.e. Al with A2, A2 with AI) unite to form an 
oospore following fertilisation of the oogonium by the antheridium (Figure 1.3). 
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Figure 1.2. Hyphae and reproductive structures of Phytophthora cinnamomi. a. 
Distinctive coralloid mycelium with nodulated hyphae and terminal and lateral 
swellings (arrow). Scale bar = 100!ll1l; h. Terminal globose chlamydospores. Walls 
are thinner than those observed in other Phytophthora species. ch = chlamydospore. 
Scale bar = 20J..l1ll; c. Non-papillate sporangium with visible zoospores. sg = 
sporangium, z = zoospore, sp = sporangiophore. Scale bar = lO!ll1l; d. Amphigynous 
antheridium on an immature oogonium typical of P. cinnamomi. 0 = oogonium, an = 
antheridium. Scale bar = 5 J..I1ll. 
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Although it is heterothallic, P. cinnamomi has the potential to function as 
homothallic. Oospore production has been induced through the presence of 
hormones and metabolites produced by Trichoderma viride Pers. ex. S.F., avocado 
root extracts, avocado root tissue, oat grains and the presence of certain fungicides 
(Brasier, 1971, 1975, 1978; Chang et ai., 1974; Erwin and Ribeiro, 1996; Zentmyer, 
1980, 1952). Zentmyer et al. (1979) showed oospores to be more abundant in mating 
type crosses than through homothallic production with avocado root extract, 
highlighting the importance of averting the introduction of both mating types into the 
same area. Heterothallism has also been shown to be interspecific, and oospores 
have been produced by crossing with other Phytophthora species (Savage et al., 
1968). 
Crossing of the two mating types enhances genetic variation within a species (Elliot, 
1983; Mircetich and Zentmyer, 1967; Zentmyer et ai., 1979). Thus, for the 
investigation of genetic variation within a population, it is important to know 
whether a single mating type or both mating types are present in an area. Where both 
mating types are present within a small area, greater opportunities exist for sexual 
reproduction to occur. It is not known whether one or two mating types are present 
in the Anglesea heathlands, and this could have significant implications for 
management of the area. Sexual reproduction provides for greater diversity in the 
gene pool of a popUlation, thereby enhancing the potential for that population to 
evolve and overcome host resistance or chemical control agents. 
1.2.3.2 Asexual reproduction 
Asexual reproduction occurs in both mating types; the major propagules involved 
being chlamydospores, sporangia, zoospores and mycelium (Figure 1.3) (Erwin and 
Ribeiro, 1996). For the majority of its lifecyc1e P. cinnamomi exists as vegetative 
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Figure 1.3. The life cycle of Phytophthora cinnamomi. Upon infection, 
mycelium grows throughout the host plant, fonning chlamydospores or sporangia. 
Chlamydospores may germinate to fonn sporangia. Sporangia release motile 
zoospores into the soil under moist conditions. The zoospores are then dispersed 
passively, or move actively by means of two flagella through the soil to plant roots 
to which they are attracted chemotactically. The zoospores then encyst on the host 
surface. Following penetration, the pathogen colonises the host and lesions 
develop. The sexual cycle requires the presence of both the Al and A2 mating 
types. The union of an antheridium (male) and an oogonium (female) results in the 
formation of an oospore which can also germinate to fonn sporangia or mycelium. 
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mycelium. Sporulation is induced under conditions of high moisture and 
temperatures between 15 and 23 degrees Celsius, and when nutrients become 
limiting (Chen and Zentmyer, 1970; Zentmyer, 1980). During sporulation, nuclei 
and cytoplasm flow from hyphae into expanding hyphal tips to form sporangia which 
then undergo cytoplasmic cleavage to form asexual, biflagellate zoospores (Hardham 
et ai., 1994; Zentmyer, 1980). Upon completion of cytoplasmic cleavage, the apical 
pore of the sporangium ruptures and the zoospores are released. Following release, 
zoospores are mobile for up to several hours before finding a host. They are 
attracted chemotactically to the zone of elongation just above the root tip of the host 
plant. Once at the host surface, the zoospores encyst. The spore becomes round, 
adheres to the host tissue and deposits a cellulosic cell wall (Hardham et aI., 1994). 
Cysts germinate after 20 to 30 minutes to produce a germ tube which then penetrates 
the host root tissue. 
1.3 THE DISEASE - PHYTOPHTHORA DIEBACK 
1.3.1 Disease expression 
Infection of plants by P. cinnamomi is followed by invasion of the root, and in many 
cases the stem and storage tissues. Following infection, lesions develop as the root 
tissue becomes necrotic. In susceptible species, the phloem and cambium are also 
invaded, resulting in failure of the vascular system (Hardy et ai., 1996; Shearer et al., 
1988; Tippett et aI., 1987). 
The presence of P. cinnamomi is often first realised upon development of secondary 
symptoms above ground. Secondary symptoms resemble those of drought as water 
transport is impeded. As the plant becomes water-stressed, its leaves wilt, become 
chlorotic, and then die (Marks and Smith, 1991; Weste and Marks, 1987). Other 
symptoms of disease include poor crown development, dieback of major branches, 
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stunted growth and shallow, rotted root systems (Marks et al., 1972; Shearer and 
Tippett, 1989). Disease expression varies between sites because of differences in 
environmental conditions, and has been well documented (Hardy et aI., 1996; Marks 
et al., 1972; Newell, 1998; Peters and Weste, 1997; Podger and Brown, 1989; 
Shearer and Dillon, 1995, 1996; Shearer and Tippett, 1989; Weste, 1997; Weste and 
Taylor, 1971; Wilson et a!., 2000). 
In many Victorian native plant communities the first sign of infection is the collapse 
of highly susceptible understorey species such as Xanthorrhoea australis R. Br. 
(Austral grass tree) (Figure l.4a) and Isopogon ceratophyllus R. Br. (Horny cone-
bush) (Figure l.4b). Symptom development and disease expression varies between 
plants and some species take longer to succumb to the disease than others (Shearer 
and Tippett, 1989). Susceptible woody shrubs are killed by decay of the entire root 
system. Larger trees may die even if only a section of the root system is infected, as 
invasion by the pathogen leads to a failure in hydraulic conductance throughout the 
root system (Shearer and Tippett, 1989; Weste, 1991). Foliage of woody shrubs 
becomes chlorotic, then necrotic, followed by collapse of the entire plant. Branches 
of larger trees die back and eventually the entire plant dies. Infected plants may die 
suddenly, such as Banksia brownii, which dies within 21 days, or death may take 
over three years, such as in E. marginata (Shearer and Tippett, 1989; Smith et aI., 
1997; Weste and Kennedy, 1997). Other plants, such as some Acacia species, 
display symptoms of dieback in conditions conducive to disease, but recover again as 
conditions become less suitable for the pathogen (Weste and Marks, 1987). 
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Figure 1.4. Native Australian plant species susceptible to infection by 
Phytophthora cinnamomi. a. Xanthorrhoea australis . Scale bar = 40 cm; h. 
Isopogon ceratophyllus. Scale bar = 2.5 cm. 
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1.3.2 Epidemiology 
Disease epidemiology of Phytophthora dieback is complex and dependent on a 
number of biotic and abiotic factors including climate, soil characteristics, soil 
microbes and host physiology and susceptibility. 
1.3.2.1 Climatic factors 
Temporal changes in pathogen activity are influenced by seasonal patterns in rainfall 
and temperature. P. cinnamomi is favoured by mild temperatures and high rainfall 
(greater than 600 mm annually) (Shearer and Tippett, 1989) and as a result, P. 
cinnamomi has been particularly successful in areas of Australia with a 
Mediterranean climate. Disease can be intensified by high rainfall followed by warm 
dry conditions. In the 1950s, an increase in disease distribution and severity was 
observed in East Gippsland, Victoria following cycles of heavy rain and dry 
conditions (Marks et al., 1972). 
Mycelium of P. cinnamomi can tolerate a wide range of temperatures (HtiberIi et al., 
2000; Shepherd and Pratt, 1974). Studies have shown optimum temperatures for 
zoospore production range between 18 and 22 degrees Celsius, a factor that may 
restrict the spread of infection (Chee and Newhook, 1965; Halsall and Williams, 
1984). Encystment of zoospores and germtube development at the host root was 
favoured by temperatures between 14 and 30 degrees Celsius but restricted at 
temperatures below six degrees Celsius (Halsall and Williams, 1984). P. cinnamomi 
is not pathogenic at temperatures lower than 10 degrees Celsius, at which plant 
development is also limited. The optimum temperature for pathogenicity is between 
18 and 22 degrees Celsius (Hal sail and Williams, 1984). 
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1.3.2.2 Soil characteristics 
Disease due to P. cinnamomi is most severe in areas with impeded drainage, where 
an impervious layer exists close to the soil surface, and in well drained soils 
subjected to periods of high moisture (Marks et al., 1972; Shea et al., 1983; Shearer 
and Tippett, 1989). A strong correlation has been reported between the occurrence 
of disease and slope, depth to the impeding layer, soil texture and soil hydrology 
(Marks and Smith, 1991). Poor soil drainage, coarse soil texture, poor nutrient 
status, low organic matter and soil temperatures between five and 30 degrees Celsius 
enhance disease potential by providing favourable conditions for reproduction and by 
reducing the number of competitive and antagonistic organisms in the soil 
(Environment Australia, 1999b; Weste, 1993; Weste and Ruppin, 1977). Wilson et 
al. (2000) found disease to be more prevalent in peat and gravel soils than clay soils. 
Shallow soils favour disease by reducing the distance between the pathogen and host 
roots. Where the distance to the impermeable layer is shorter, the soil is also more 
easily saturated with water thereby favouring zoospore production and dispersal 
(Marks et al., 1975). Activity of P. cinnamomi and infection of host roots are 
favoured by warm, moist soil conditions. Weste and Ruppin (1977) reported 
seasonal variation in pathogen population levels. Population levels were correlated 
with soil temperatures from autumn to early summer, and with soil moisture in 
summer and autumn. Conversely, disease does not develop in continuously saturated 
soil, as conditions become anaerobic and unfavourable for survival of P. cinnamomi 
(Irwin et al., 1995). Hypoxia can enhance disease development in susceptible 
species as the anaerobic conditions damage roots making them more susceptible to 
pathogen invasion (Burgess et aI., 1998, 1999a,b). 
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1.3.2.3 Disease dynamics 
Two types of disease epidemics have been described for P. cinnamomi in native 
Australian vegetation communities (Environment Australia, 1999b). The first type 
of epidemic results in mass mortality of susceptible species followed by a decline in 
the pathogen population and revegetation of the area by disease resistant or tolerant 
species, generally grasses and sedges. P. cinnamomi may disappear following death 
of infected hosts, or may persist in tolerant or resistant species (Shearer and Tippett, 
1989; Weste, 1997). The presence of disease in this type of epidemic often appears 
as a front with a distinct margin between dead and living plants (Figure 1.5a). The 
pathogen may have advanced ahead of the disease front. 
The second type of epidemic involves a cycle wherein the pathogen levels build up, 
resulting in mortality of susceptible plant species, followed by a decline in the 
pathogen population after which there is a recovery of susceptible species. Weste 
and Kennedy (1997) recorded a decline in pathogen distribution and levels in 
diseased plots in southern Victoria over a period of 30 years. Changes in the disease 
status were attributed to factors including a decline in the number of susceptible host 
species, changes in pathogenicity of the pathogen or changes in environmental 
conditions. Disease escape occurs in some communities where selected plants 
escape the surge of infection. These surviving plants may provide opportunities for 
production of seed for regeneration of the species. Such disease cycles have been 
recorded over many decades in the Brisbane Ranges" Victoria (Weste, 1997; Weste 
and Kennedy, 1997; Weste and Ruppin, 1977; Weste and Taylor, 1971) where there 
is now evidence of regeneration of some susceptible species on previously diseased 
sites, even in the presence of the pathogen (Weste et ai., 1999). Similar observations 
were made in the Grampian Ranges National Park (Weste and Kennedy, 1997). 
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Weste (1997) has identified three phases of disease in native vegetation. The first, 
the aggressive phase, is characterised by a high pathogen population, disease and 
death of a high proportion of plants. This phase occurs when the pathogen is initially 
introduced into a new area and environmental conditions are conducive to disease. 
The aggressive phase is followed by rapid colonisation of the site by resistant species 
such as Leptospermum species and various Poaceae. After approximately 10 years, 
the disease enters a decline phase in which the pathogen population decreases and 
there may be regeneration of susceptible species. Resurgence of disease has 
occurred in some areas upon recolonisation by susceptible species suggesting that the 
pathogen remains in the soil or in resistant plants, such as Gahnia radula R.Br. Benth 
(Thatch saw-sedge) that may harbour the pathogen but show no symptoms. 
Hypotheses have been suggested for the occurrence of regeneration, including an 
abatement of the epidemic, selection for avirulence in P. cinnamomi, an increase in 
resistance in host species or that the disease epidemic is cyclic and recurs when 
conditions become favourable (Weste, 1993). Variable effects in occurrence of 
disease are thought to be due to local variations in soil characteristics and resistance 
in plants in local populations. This .can lead to a mosaic pattern in disease 
occurrence, such as that commonly observed in the heathlands of the Otway Ranges 
near Anglesea, Victoria (Figure 1.5b) (Wilson et aI., 1997). 
1.3.3 Current distribution 
P. cinnamomi is well established across areas of Australia with an average annual 
rainfall greater than 600 mm (Environment Australia, 1999a; Irwin et aI., 1995). The 
pathogen has been recorded in all states but is particularly destructive in the E. 
marginata (Jarrah) forests and coastal dune vegetation communities of southern 
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Figure 1.5. Vegetation communities in Victoria affected by Phytophthora 
cinnamomi. a. Disease front due to P. cinnamomi moving down-slope in open 
woodland on Tidal Overlook Track, Wilson's Promontory National Park, Victoria. 
A clear margin is apparent between healthy Xanthorrhoea australis downhill, and 
diseased and dead X australis uphill; h. Mosaic disease pattern, where disease is 
apparent in some X australis plants while other individuals of the same species 
remain healthy, in heathlands at Anglesea, Victoria. 
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Western Australia (Podger, 1972; Podger and Brown, 1989; Shearer and Dillon, 
1995, 1996; Shearer and Tippett, 1989; Wills, 1993). 
Since being positively identified in Victorian native forests in 1968 (Podger and 
Ashton, 1970), P. cinnamomi has been documented throughout the state in the 
heathland, woodland and open forest communities of Wilson's Promontory National 
Park, Kinglake National Park, Brisbane Ranges National Park, Grampian Ranges 
National Park, East Gippsland, the Otway National Park and Angahook-Lorne State 
Park (Figure 1.6) (Marks and Smith, 1991; Veitch, 1973; Weste, 1994; Weste and 
Kennedy, 1997; Weste and Taylor, 1971; Wilson et al., 1997). Presence of the 
pathogen is generally restricted to vegetation communities on infertile soils at lower 
altitudes with high rainfall and warm temperatures (Marks and Smith, 1991). 
Distribution of disease, however, is distinct from distribution of the pathogen, and as 
a result of environmental characteristics the organism can exist in certain areas 
without evidence of disease (Tregonning and Pagg, 1984; Marks and Smith, 1991; 
Weste and Marks, 1987; Weste and Ruppin, 1977). 
1.3.4 Dissemination and spread 
P. cinnamomi is dependent on the presence of free water for production and 
dissemination of zoospores. The organism can spread independently up to several 
metres annually through moist, well-aerated soils (Environment Australia, 1999a; 
Marks and Smith, 1991; Shearer and Tippett, 1989). Movement of soil and water 
(surface and sub-surface) facilitates the spread of inoculum over considerably larger 
distances (Cahill, 1998; Environment Australia, 1999b; Marks and Smith, 1991; 
Weste, 1993). Spread of P. cinnamomi has been attributed to the transport of 
inoculum in soil and water as a result of activities such as road construction, logging 
operations, mining operations, animal and human movement, drainage lines, and also 
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Figure 1.6. Distribution of Phytophthora cinnamomi in Victoria, adapted from 
Cahill et ai. (2001). Presence of P. cinnamomi is indicated in red. Note that P. 
cinnamomi is not present across all areas of the listed National Parks. The map only 
indicates the parks in which the pathogen has been recorded. 
ALSP= Angahook-Lorne State Park LGSP= Langi-Ghiran State Park 
ANP= Alpine National Park LRSP= Lederderg State Park 
BBNP= Baw-Baw National Park MRNP= Mitchell River National Park 
BRNP= Brisbane Ranges National Park MSNP= Murray-Sunset National Park 
BRSP= Black Range State Park ONP= Otway National Park 
BSP= Bunyip State Park PNNP= Point Nepean National Park 
CNP= Croajingalong National Park SRNP= Snowy River National Park 
CSP= Carlisle State Park WNP= Wiperfield National Park 
GNP = Glenelg National Park WPNP= Wilson's Promontory National Park 
ENP= Errinundra National Park WRSP= Warby Range State Park 
GRNP= Grampian Ranges National Park YRNP= Yarra Ranges National Park 
KLNP= Kinglake National Park 
.J-RSP 
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as a result of root-to-root infection (Marks and Smith, 1991; Weste and Marks, 
1987). 
In Victoria, P. cinnamomi was first reported in Wilson's Promontory National Park 
in the early 1970s and is thought to have been introduced in 1962 by fire control 
machinery and further spread during road construction (Veitch, 1973; Weste and 
Law, 1973; Weste et aI., 1973). Although evidence suggests that the pathogen may 
have been introduced earlier during training exercises for the Second World War 
(Weste and Law, 1973). Similarly, in the Brisbane Ranges National Park, 
Grampians National Park and the Anglesea area the pathogen is believed to have 
been introduced during road construction and logging activities. 
Further spread is attributed to fire fighting activities, construction of drainage 
channels and recreational activities such as four-wheel driving and bushwalking 
(Marks and Smith, 1991; Weste, 1993; Weste and Taylor, 1971; Weste and Kennedy, 
1997; Wilson et aI., 2000). In the mining industry considerable care is taken to 
separate soil infected with P. cinnamomi from uninfected soil for use in revegetation 
programs. 
1.4 GENETIC VARIATION IN P. CINNAMOMI 
1.4.1 Genetic variation in Australian P. cinnamomi populations 
Genetic diversity in fungi is generally highest in isolates obtained from their centre 
of origin (Linde et aI., 1997). It is believed that P. cinnamomi originated in Asia, as 
many plant species there display resistance (Zentmyer, 1980). Isozyme variability of 
P. cinnamomi populations around the world is low (Old et ai., 1988; Oudemans and 
Coffey, 1991) suggesting that spread of P. cinnamomi has involved only a few clones 
of the A2 mating type (Brasier, 1992). Low levels of genetic diversity reported from 
isozyme studies combined with a low occurrence of AI mating types suggest that P. 
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cinnamomi is not indigenous to Australia (Linde et ai., 1997; Old et aI., 1988). 
Isozyme studies have identified four isotypes of P. cinnamomi in Australia, two of 
mating type A!. designated Al type 1 and Al type 2, and two of mating type A2, 
designated A2 type 1 and A2 type 2 (Old et aI., 1983). Conversely isozyme studies 
found high levels of diversity in populations of P. cinnamomi in Papua New Guinea 
indicating this may be closer to the centre of origin of P. cinnamomi (Old et aI., 
1988). 
While the population structure of P. cinnamomi has been analysed in detail in several 
regions (Chang et aI., 1996; Linde et ai., 1997; Old et aI., 1984, 1984; Oudemans 
and Coffey, 1991) limited studies have been undertaken to determine whether P. 
cinnamomi is genetically similar in all regions of Australia (Htiberli et aI., 2001; Old 
et aI., 1988, 1984). Such studies not only contribute valuable information regarding 
the genetic diversity of P. cinnamomi populations in Australia, and the potential for 
those populations to evolve, but also provide a clearer understanding of the historical 
spread of the pathogen in Australia. There are no published studies examining the 
genetic structure of Victorian P. cinnamomi populations. 
Population genetics aims to describe the amount of genetic variation in populations 
and to study the mechanisms of this variation. The amount of genetic variation 
maintained within a population indicates the potential of a pathogen to evolve. 
Where variation is high, pathogen populations are more likely to adapt to fungicides, 
or resistant hosts than populations with little genetic variation (McDonald and 
McDermott, 1993). A greater understanding of the origin and genetic structure of the 
P. cinnamomi populations at Anglesea is imperative for the development of 
strategies for management and control of disease. 
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1.4.2 Mechanisms of variation in P. cinnamomi populations 
Genetic diversity in species and populations is influenced by (i) mutation, (ii) 
reproductive mechanisms, (iii) ploidy, (iv) cytoplasmic factors, (v) gene flow, (vi) 
migration and (vii) natural selection. Factors affecting the proportion of alleles vary 
within and between populations, resulting in localised changes in the rates of genetic 
exchange and evolution (Rogers and Rogers, 1999). Several ideas have been put 
forward to explain variation observed in populations of Phytophthora species in 
which sexual reproduction does not occur. These include random mutation followed 
by selection, heterokaryosis, parasexuality, somatic recombination, cytoplasmic 
factors and physiological adaptation (Brasier, 1992; Brasier and Hansen, 1992; 
Erwin, 1983). In biological systems the primary mechanism by which asexually 
reproducing organisms adapt and evolve over time is through the chance occurrence 
of mutations followed by natural selection (Rogers and Rogers, 1999). 
1.4.2.1 Mutation 
Mutations are random changes that arise in the DNA sequence, through addition, 
deletion or substitution of bases. They occur spontaneously and may be beneficial or 
deleterious for the organism. Mutation is the slowest contributing factor to changes 
in allelic proportions in biological systems (Rogers and Rogers, 1999). 
1.4.2.2 Reproductive mechanisms 
Genetic recombination is the essence of sexual reproduction occurring whenever two 
haploid nuclei with different genetic material unite to form a diploid nucleus. 
Recombination occurs during the meiotic division of the diploid zygote as a result of 
genetic crossing over. Sexual reproduction provides the potential for the creation of 
new diversity in the diploid stage at each generation. New gene combinations can be 
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assembled on the same chromosome through crossing over during gametogenesis. 
Recombination allows the population to respond to selection pressures while 
simultaneously remaining well adapted to the current conditions. Some of the new 
genotypes arising as a result of genetic recombination may be poorly adapted to the 
existing stable environment. However, superior genotypes may be produced such as, 
for example, a genotype which conveys characteristics that provide the pathogen 
with a greater capacity to infect and colonise a susceptible host. Therefore sexual 
reproduction provides the opportunity for new genotypes to enter the population. 
P. cinnamomi is heterothallic requiring the presence of two mating types for sexual 
reproduction to occur. Since the mating type AI rarely occurs in the field in 
Australia, asexual reproduction is the principal means by which the pathogen 
reproduces. In asexually reproducing organisms, new genetic variation arises 
primarily through mutation and natural selection (Templeton, 1981). Asexual 
reproduction has the advantage that it provides the means for rapid reproduction of a 
specific genotype. If the particular genotype is well suited to a given environment, 
asexual reproduction provides an effective means of rapidly colonising this 
environment and maintaining a well-adapted population. Asexual reproduction of P. 
cinnamomi is particularly advantageous in a relatively stable environment, such as 
the native forest and heathland communities of Australia. P. cinnamomi is able to 
produce large quantities of infective propagules in the form of zoospores, and, due to 
the biodiversity encountered in such vegetation communities, host resistance to the 
pathogen is unlikely to develop rapidly. The A2 mating type is generally believed to 
be the principal mating type present in Australia, and recombination is unlikely to 
occur under field conditions. Thus, variation primarily arises from mutations. 
Parasexualism is the process by which genetic recombination can occur within fungal 
heterokaryons. It involves crossing over during mitosis of somatic cells, and can be 
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identified genetically by the segregation of heterozygous alleles. Parasexuality may 
account for variation in fungi in which sexual reproduction and outcrossing are 
absent. In the Oomycetes, parasexual recombination would involve hyphal 
anastomosis between distinct individuals of a species to form a heterokaryon 
followed by fusion of the different diploid nuclei and diploidisation by the loss of the 
extra chromosomes (Drenth and Goodwin, 1998). Somatic recombination has been 
demonstrated in the Oomycetes, but no definite evidence exists for its occurrence in 
nature (Drenth and Goodwin, 1998; Sansome, 1980). 
1.4.2.3 Ploidy 
A fundamental aspect in the evolutionary and population biology of Phytophthora 
species is that the Oomycetes are diploid in the somatic stage, and meiosis occurs in 
the gametangia prior to gamete formation rather than after zygote formation (i.e. 
oospore germination) (Brasier, 1992; Caten and Day, 1977; Sansome, 1965; 
Sansome and Brasier, 1973). This means that the diploid phase occupies a 
significant proportion of the life cycle, particularly in asexually reproducing 
populations. Polyploidy increases the degree of variability that can be exhibited by a 
pathogen and can affect growth rate, spore size, pathogenicity and rate of spore 
production (Agrios, 1988). While the implications of ploidy variation in Oomycete 
population biology are poorly understood (Drenth and Goodwin, 1998), polyploidy 
may be a mechanism for maintenance of genetic diversity and hence, could have an 
important role in evolution. However, tetraploidy in asexual popUlations appears to 
enhance longevity and fitness as a consequence of greater genetic plasticity (Drenth 
and Goodwin, 1998). 
Diploid cells are physiologically stronger, having two sets of chromosomes, twice as 
much DNA and, consequently, a greater capacity for biosynthesis. Polyploids are 
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also believed to possess a wider array of allele combinations than diploids (Drenth 
and Goodwin, 1998). In haploid organisms, the genotype is immediately expressed. 
All genotypes within the population are exposed to selection and little variability is 
retained as all unfavourable mutants are eliminated. A diploid organism may carry a 
substantial amount of unexpressed variability in the form of recessive genes in the 
heterozygous condition. As a consequence of genetic recombination, some of this 
variability will be expressed and exposed to selection at each generation, enabling 
the population to adapt to changing environmental conditions while simultaneously 
remaining well adapted to the prevailing conditions. The variation is therefore not 
entirely dependent on the development of new homozygous recessive mutants. 
Diploidy also enables gene interactions such as interallelic, epistatic and heterotic, 
which may be of considerable importance for evolution and adaptation. Thus, in 
asexually reproducing populations diploidy enhances the number of possible gene 
combinations for mutations to occur during cell division enabling the formation of 
new gene systems. 
1.4.2.4 Cytoplasmic factors 
Cytoplasmic factors make a relatively small contribution to genetic diversity and 
they are subject to vegetative compatibility. Changes to diversity are generally 
subtle, without influencing phenotypic classes. Double stranded DNA mitochondrial 
genomes, double stranded RNA mycoviral genomes and double stranded DNA 
plasmid genomes have been identified as inclusions in fungal cytoplasm (Drenth and 
Goodwin, 1998). These cytoplasmic genomes have the potential to contribute to 
genetic diversity through differences in copy number, mutation, heteroplasmosis and 
recombination (Drenth and Goodwin, 1998). 
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1.4.2.5 Gene flow 
The proportion of different alleles in populations and species can be altered via the 
introduction of alleles from sources external to the population and genetic drift 
within the population. Among populations of the same species gene flow results in 
the establishment of genotypes and alleles become homogenous (Rogers and Rogers, 
1999). Conversely, where populations are isolated from one another, gene flow is 
restricted and diversity between populations increases. For this reason it is essential 
that the introduction of new isolates, and thus new genetic material, into areas 
already infected with P. cinnamomi is avoided. The introduction of new genetic 
material into the established gene pool could have serious consequences including 
the development of more virulent strains of the pathogen, or alternatively the 
development of strains more tolerant to fungicides used in disease management. 
1.4.2.6 Migration 
Migration has been operative in the distribution of genes and the population genetics 
of Oomycetes. Migration of a few isolates from the centre of origin generally results 
in establishment of a new population with low levels of genetic variation, because of 
the limited genetic base (Fry et aI., 1992). Genetic differentiation occurs in 
geographically separated populations (Drenth and Goodwin, 1998). Where 
migration continues between two populations, they will retain genetic similarities. 
P. cinnamomi is believed to have been introduced into Australia where it is now 
well-established causing disease of both commercially important crops and native 
vegetation. P. infestans (Mont.) de Bary, similarly, has spread from its believed 
centre of origin of Mexico and Central America, to cause disease in potato and 
tomato crops worldwide (Fry et al., 1992). Migration, without vector assistance (i.e. 
not via infected plant material, vehicles etc.) generally depends on the pathogen's 
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mode of reproduction and dispersal. P. cinnamomi is soil borne, producing 
zoospores, which move through soil assisted by the presence of free water, and 
migration tends to be limited to the local area, compared with pathogens that produce 
airborne spores which can travel large distances. 
1.4.2.7 Natural selection 
Variation provides organisms with a means to compete for environmental resources 
and to survive; a fundamental element in the concept of 'survival of the fittest'. 
Maintenance of genes within the population is dependent on selective forces in the 
environment. Evolution and natural selection affect the hereditary characteristics of 
an organism in such a way that it becomes better adapted to survive and reproduce in 
its environment. Natural selection acts on the gene pool of the species, selecting for 
variability, such as that originating from gene mutations, to produce structural and 
functional specialisations that confer effective survival strategies. It has a significant 
influence on the genetic structure of a population and has the potential to rapidly 
alter that genetic structure, particularly in host-specific pathogens. Natural selection 
changes the proportion of alleles in a population by providing a reproductive 
advantage to those individuals carrying favourable combinations of alleles (Agrios, 
1988; Drenth and Goodwin, 1998). Where an organism, able to reproduce many 
generations within a short time period, is subjected to selection pressure that 
organism is likely to evolve. 
1.4.3 Techniques for analysis of genetic variation 
Investigation of genetic diversity aims to understand the extent of such variation and 
the mechanisms by which it occurs. Traditionally morphological and physiological 
characteristics have been used for taxonomic and diagnostic purposes, and as 
indicators of gene flow within and between populations. However, many species 
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have no distinct morphological characters which allow individuals within a 
population to be differentiated. Furthermore, phenotypic variation observed within 
species has important implications for the dependability of using such techniques and 
accentuates the advantage of using genetic tools. 
Molecular techniques have become more common for identification of species, 
subspecies, formae speciales and races (Coddington and Gould, 1992). At each level 
of classification there are fewer morphological characteristics available to distinguish 
between isolates of a pathogen. Natural variation in DNA of species forms the basis 
for molecular techniques used for classification and identification of species, and 
races of fungal pathogens (Coddington and Gould, 1992). Unlike morphological 
methods, the use of molecular techniques facilitates investigation of the mode of 
reproduction, method and extent of spread, mechanisms of survival and evolutionary 
relationships among related organisms (Bassam et al., 1995). Furthermore, genetic 
analysis eliminates the need for standardisation of physical and environmental 
conditions required in morphological analysis. However, problems may also be 
encountered using molecular techniques (Harrington and Rizzo, 1999) so care must 
be taken to ensure procedures are standardised, and analyses conducted using 
comparable methods. 
The genetic change of a population is generally described by the change in gene 
frequencies within that population (Nei, 1987) and may be measured at a number of 
levels. Techniques including Restriction Fragment Length Polymorphisms (RFLP) 
(Carter et al., 1990; Coehlo et al., 1997; Liew et al., 1991; Panabieres et al., 1989), 
Amplified Fragment Length Polymorphism (AFLP) (van der Lee et al., 1997), 
Random Amplified Polymorphic DNA (RAPD) (Chang et al., 1996; Drenth et al., 
1993; Linde et al., 1999a; Mahuku et al., 2000; Williams et al., 1990), 
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microsatellites (Htiberli et aI., 2001) and isozymes (Old et al. 1988; Oudemans and 
Coffey, 1991) have been developed for analysis of variation in populations. 
Isozymes detect variation in the amino acid sequence of protein molecules with 
similar catalytic functions and thereby detect variation in DNA sequences that code 
for these proteins (McDonald and McDermott, 1993). They do not assay DNA 
sequence variation directly. Isozymes have the advantage that they are codominant 
and can distinguish between heterozygous and homozygous individuals. However, 
the number of isozymes is limited and many fungi lack sufficient variation for 
population studies (McDonald and McDermott, 1993). Isozymes have been used to 
investigate population structure of P. cinnamomi in South Africa (Linde et ai., 1997) 
and variability in field populations in Australia (Old et aI., 1988, 1984). Low levels 
of variation were detected in both South African and Australian populations. 
RFLP analysis distinguishes between isolates by identifying variation in DNA 
sequences among homologous sections of chromosomes. Variation III DNA 
sequences can alter the restriction sites for the endonuclease, resulting in DNA 
fragments of varying length. RFLPs are based on the hybridisation of DNA probes 
to the fragments of DNA that have been digested with specific restriction 
endonucleases and size fractioned by gel electrophoresis. RFLP analysis is more 
sensitive than isozymes as it detects variation in both coding and non-coding regions 
of DNA (McDonald and McDermott, 1993). RFLPs are codominant markers, which 
means that all alleles at a locus can be identified in diploid organisms. RFLPs have 
been used to distinguish between Uromyces appendicuiatus var. crassitunicatus and 
U. appendicuiatus var. appendicuiatus (Braithwaite et aI., 1991). The technique has 
also been used to investigate genetic differences between isolates of P. cinnamomi 
(Linde et ai., 1999) and between Japanese and Australian isolates of Phytophthora 
vignae Pers. (Liew et aI., 1991). The latter study found similarities between isolates 
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from Australia and Japan, suggesting the two populations were derived from a 
common ancestor. 
RAPD analysis is based on the Polymerase Chain Reaction (PCR). The PCR 
technique involves denaturation of DNA by heating, annealing of primers to sites 
flanking the region to be amplified and extension, in which strands complementary to 
the flanked region are synthesised using DNA polymerase. DNA sequences, or 
oligonucleotides, (approximately 10 base pairs long) are used as primers to 
arbitrarily amplify regions of DNA from throughout the genome. RAPDs 
differentiate between isolates by variation in the size and number of DNA fragments 
produced. The assay is relatively simple, rapid, and has the potential to screen large 
numbers of isolates with minimal amounts of template DNA (McDonald and 
McDermott, 1993). It is not possible to distinguish between heterozygous and 
homozygous individuals, although this can be overcome by increasing the number of 
genetic markers used (Williams et al., 1990). Only the presence or absence of 
specific amplified sequences can be identified; no individual alleles can be 
distinguished, nor can allele frequencies be calculated, as they can with RFLPs. 
RAPD analysis has been used to investigate genetic diversity in several 
Phytophthora species including P. sojae Kaufm. & Gerd., P. infestans and P. 
cinnamomi (Drenth 1995; Drenth et al., 1993; Hadrys et al., 1992; Linde et al., 
1999). Chang et al. (1996) used RAPDs to differentiate host-specific races of P. 
cinnamomi (Chang et al., 1996). The technique can also be used to generate specific 
DNA fragments for use in genome mapping, isolate identification and has 
applications in molecular ecology (Hadrys et al., 1992). 
Microsatellites have also been used to investigate variation among P. cinnamomi 
isolates. Dobrowolski (1999) demonstrated the occurrence of three clonal lineages 
of P. cinnamomi in Australia. In Western Australia, Htiberli et al. (2001) reported 
Chapter 1: Introduction and Literature Review 32 
the occurrence of six microsatellite genotypes in three populations of P. cinnamomi. 
The analysis also demonstrated no evidence of sexual reproduction, consistent with 
the absence of Al isolates in the regions sampled, and no evidence of recombination 
by selfing in A2 isolates. Cooke et al. (1997) used ITS sequences to phylogenetic ally 
analyse Phytophthora species. 
An understanding of gene flow within and among populations provides important 
information regarding the spread of traits such as pathogenicity, and the ability of a 
population to evolve over time. One of the objectives of this study was to investigate 
the presence of variation among P. cinnamomi isolates from the Anglesea area using 
RAPD analysis and to compare polymorphisms present in this population with 
potential variation observed in other Victorian and Western Australian P. cinnamomi 
populations. This will provide important information regarding the potential of the 
population at Anglesea to evolve. Furthermore, it may contribute to our knowledge 
of the origin of the P. cinnamomi population at Anglesea, and the relationship 
between this population and others located elsewhere in the state of Victoria. 
1.5 IMPACT OF P. CINNAMOMI ON NATIVE VEGETATION 
COMMUNITIES IN AUSTRALIA 
Dieback presents a major ecological threat to Australia's native vegetation 
communities, resulting in disruption of plant community structure and floristics, a 
decline in species richness and plant abundance, and a greater occurrence of soil 
erosion due to increases in bare ground following death of susceptible species 
(Weste, 1997). Where the structural dominants of the plant community are highly 
susceptible, such as X. australis, the effect of disease is more severe (Burdon, 1991; 
Weste and Marks, 1974; Weste and Ruppin, 1977). Death of small herbaceous 
species also alters the understorey vegetation structure. Disease due to P. cinnamomi 
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has resulted in the destruction of between 50 and 70 per cent of understorey species 
and up to 45 per cent of overstorey individuals in some areas of the Brisbane Ranges 
National Park, Victoria (Weste, 1997). Affected areas are gradually invaded by 
resistant species such as G. radula, Lepidosperma semite res F. Muell. ex Boeckeler 
(Wire Rapier-sedge), Hypolaena Jastigiata R.Br (Tassle Rope-rush) and Hakea 
species (Weste, 1994; Weste and Ruppin, 1977). These changes in structure, species 
composition and productivity of the ecosystem have consequential effects on 
dependent flora and fauna, through degradation or loss of habitat and food supply 
(Newell, 1998). X. australis provides food and habitat for many bird, insect and 
small mammal species including Pseudomys novaehollandiae Waterhouse (New 
Holland mouse) and the rare Antechinus minimus Geoffrey (Swamp antechinus) 
(Newell and Wilson, 1993; Wilson et al., 1990). Species resistant to P. cinnamomi 
which recolonise areas post-disease are generally less productive and less diverse, 
and provide a poorer habitat for fauna (Weste, 1994). 
1.5.1 Host plants 
P. cinnamomi causes destructive root and crown rots on a large range of plants 
including economically important species such as Ananas comosus (L.) Merrill 
(pineapple), Castanea dentata Siebold and Zucco (chestnut) and Persea americana 
M. (avocado) (Zentmyer, 1980). While no comprehensive list exists for native 
Australian plants at least 250 species from families including the Myrtaceae, 
Proteaceae, Fabaceae and Epacridaceae are known to be susceptible in the field, 
although the number of species susceptible under experimental conditions is likely to 
be higher (Environment Australia, 1999b). 
P. cinnamomi has been particularly destructive in the native forests of Australia 
causing dieback of indigenous plants including E. marginata, Dillwynia sericea A. 
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Cunn. (Showy Parrot-pea), X. australis, l. ceratophyllus and Banksia grandis Willd. 
(Bull Banksia) (Shearer and Dillon, 1996). In Western Australia more than 2000 
plant species have been reported as likely to be susceptible to P. cinnamomi 
including Lomandra sonderi (F. Muell.) Ewart., Macrozamia riedlei (Fish. ex 
Gaudich.) c.A. Gardner and B. grandis, (McDougall et ai., 2001; Shearer and Dillon, 
1995; Wills, 1993). In Victoria, susceptible species include X. australis, l. 
ceratophyllus, Epacris impressa Labill. (Victorian heath), Hibbertia acicularis 
(Labill.) F. Muell (Prickly guinea flower), Pultanea graveolens Tate (Bush pea), 
Monotoca scoparia (Smith) R. Br. (Prickly broom-heath) and Grevillea alpina Lindl. 
In T. Mitch. (Mountain grevillea). In some areas, P. cinnamomi has been reported to 
kill 50 percent of plant species within a few weeks (Weste and Taylor, 1971). 
Monocotyledons are rarely susceptible, with notable exceptions being some 
Xanthorrhoea species, Lilium species, Cordyline species and Archontophoenix 
species (Podger, 1989). 
However, not all host plants succumb to disease. Many species, particularly 
monocotyledons including sedges, rushes and grasses, display symptomless 
infection. Following infection, lesions develop but the plant continues to develop 
new healthy roots to maintain plant function (Phillips and Weste, 1984). In some 
resistant species lesions are closed off by the periderm and shed (Tippett et al., 
1985). Intraspecific variation in susceptibility to P. cinnamomi has also been 
demonstrated (Byrne et al., 1994; Cahill et ai., 1992; McComb et ai., 1994). 
Resistance in E. marginata is genetically based, and resistant varieties have been 
selected for use in revegetation in Western Australia. 
1.5.2 Xanthorrhoea australis: A case study 
X. australis is a major focus of this thesis and previous studies will be detailed here. 
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Xanthorrhoea species, commonly known as grasstrees, are a prevalent understorey 
species of many Eucalypt dominated plant communities. They also form an 
important component of heathland ecosystems, providing habitat for small native 
mammals, amphibians, reptiles and insects. The genus Xanthorrhoea is a member of 
the family Xanthorrhoeaceae (Hutch.) but is closely related to the Liliaceae. All 
Xanthorrhoea are monocotyledons. The genus comprises 28 species, ranging in 
habit from plants with subterranean stems where only the leaves and inflorescence 
emerge through the soil, to trees with vegetative trunks reaching eight meters above 
ground (Bedford, 1986). 
The genus is endemic to Australia, occurring primarily in the eastern states and in the 
south of Western Australia. Xanthorrhoea species are slow growing with annual 
growth rates estimated to be between 1.4 and 1.5 cm (Staff, 1970). It takes 30 years 
for the leaves to grow above the stem. Xanthorrhoea species exhibit several unique 
morphological and anatomical features. All have contractile roots and a secondary 
thickening meristem (Staff, 1970). Initially, one root develops. This is replaced by a 
second contractile root which contracts and pulls the shoot below the level of the first 
root. During this period, described as the subterranean phase (Gill and Ingwersen, 
1976), the shoot apex is below ground. After several years of growth another large 
underground stem with numerous adventitious roots forms. Vegetative growth then 
enters the aerial phase where an above ground stem is established (Gill and 
Ingwersen, 1976). The stem tapers upwards from the base and is covered in tightly-
packed old, resiniferous leaf bases arranged in a spiral pattern. The shape of the stem 
is maintained by three meristems: the shoot apical meristem, the collar meristem and 
the desmium. Organisation of the shoot apex of X. media has been described by 
Staff (1968) and is considered to be representative of other members of the genus. 
The shoot apex is sunken and surrounded by a bowl-shaped terminal axis containing 
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a primary thickening meristem which contributes to stem elongation and plant width 
through cell division and enlargement. 
Leaves of Xanthorrhoea are arranged in tight spirals around the shoot apex to form a 
terminal crown containing many thousands of leaves. The less mature leaves 
surround the apex and remain non-photosynthetic for some time after emergence. 
Mature leaves have a broad cream coloured base, and a long green photosynthetic 
section up to one meter in length (Staff, 1974). Leaves of X. australis are glaborous, 
xeromorphic with serrated margins, and sunken stomata arranged longitudinally in 
parallel rows. 
X. australis is arborescent, woody and generally unbranched with a terminal 
aggregation of long, slender leaves (Figure 1.7a, b). It grows in a Mediterranean 
type climate and is found in areas along the east coast of Australia, from Brisbane to 
northern Tasmania on sandy or stony, well-drained soils. It occurs primarily in areas 
with an annual rainfall greater than 250 mm (Gill and Ingwersen, 1976). 
X. australis is highly susceptible to infection by P. cinnamomi and is commonly used 
as an indicator species for the detection of dieback disease. Upon infection the 
leaves of X. australis become chlorotic and die (Figure 1.7c, d). Within one year the 
canopy collapses, ultimately followed by the trunk of the plant (Figure 1.7e). 
Although they form a significant component of eucalypt woodland and heathland 
ecosystems, limited work has been published on Xanthorrhoea species to date. Early 
work by Staff (1975, 1970) focused on plant habit, including the structure of aerial 
plant parts and inflorescence production. Other projects have included ecologically 
based studies that have examined the effect of fire and seedling survival (Curtis, 
1998, 1996). More recently, studies have investigated the effect of P. cinnamomi on 
X. australis in vegetation communities (Duncan and Keane, 1996) and the control of 
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Figure 1.7. Visible symptoms of decline of X. australis following infection by P. 
cinnamomi. a. Habit of healthy, young (approx. ten to twenty years old) X. 
australis with shoots still close to the ground; b. Habit of older (estimated at more 
than 100 years old) showing woody stem with terminal aggregation of long slender 
leaves; c. Chlorosis in leaves of X. australis estimated to be 12 months after initial 
infection; d. More extensive chlorosis of X. australis approximately 18 months 
following infection by P. cinnamomi; e. Collapse of the canopy in X. australis as a 
result of disease due to P. cinnamomi within two to five years of infection. X. 
australis is commonly used as an indicator species for detection of disease due to P. 
cinnamomi. 
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dieback in Xanthorrhoea using phosphonate (Aberton et aI., 2001; Ali and Guest, 
1998). Little work has focused on root morphology and the host-pathogen 
interaction between X. australis and P. cinnamomi at a cellular level. Cahill et al. 
(1989) studied the histopathology of the interaction between P. cinnamomi and X. 
australis reporting rapid colonisation of host tissue and extensive tissue degradation 
within 48 hours of inoculation. 
1.6 TISSUE CULTURE AS A MEANS FOR PRODUCING PLANTS FOR 
REVEGETATION 
\ 
Recently there have been reports of X. australis regenerating and recolonising old 
dieback disease areas in the Brisbane Ranges and Grampian Ranges National Parks 
(Weste et ai., 1999). Regeneration of X. australis occurred even in plots from which 
P. cinnamomi could still be isolated. Whether these plants are resistant to the 
pathogen has not been determined. It is also possible that factors such as a decline in 
pathogen numbers, changes in virulence of the pathogen, or environmental changes 
may have contributed to the regeneration of this susceptible plant species. 
Micropropagation may provide a means for producing large numbers of resistant 
individuals for revegetation programs. While tissue culture techniques have been 
successfully developed for numerous dicotyledonous Australian plant species, 
monocotyledons are difficult to establish in vitro as has been demonstrated by the 
fewer number of monocotyledonous species cultured (Taji and Williams, 1996). In 
particular, success has been achieved with Eucalyptus species (Bennett and 
McComb, 1982; Taji and Williams, 1996). Monocotyledons established in culture 
include Dawsonia species and Howea species (Taji and Williams, 1996). There are 
no published records of in vitro propagation of X. australis. Micropropagation of X. 
australis would enable large-scale multiplication of plants for revegetation programs. 
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There is evidence that tissue culture techniques can be used to select plant lines 
tolerant or resistant to a pathogen. This has been achieved in Western Australia with 
E. marginata (Bennett et ai., 1993; McComb et ai., 1987). In vitro culture also 
enables effective study of host-pathogen interactions, providing an insight into the 
host response to pathogen attack at the cellular level. Furthermore, it can be used to 
examine the mode of action of fungicides available for pathogen control. This 
approach will be used in this thesis to examine the action of phosphonate in X. 
australis upon infection by P. cinnamomi. 
1.7 HOST-PATHOGEN INTERACTIONS 
1.7.1 Genetics and resistance 
Plant disease occurs following a compatible interaction between a virulent pathogen 
and a susceptible host. A compatible host-pathogen relationship is one in which the 
host and pathogen co-exist for an extended period of time and the pathogen is able to 
grow and reproduce in the host (Agrios, 1988). In an incompatible relationship co-
existence of the host and pathogen is terminated immediately after penetration by a 
hypersensitive reaction (Caten, 1970). The reaction that occurs is determined by the 
interaction of specific genes for resistance in the host, and genes for virulence in the 
pathogen. This is the basis of the gene-for-gene theory, which states that for each 
gene that confers resistance in the host there is a corresponding gene that confers 
virulence in the pathogen, such that a change in virulence of the pathogen is 
counterbalanced by changes in resistance in the host so that both the host and 
pathogen coevolve and a dynamic state of equilibrium is maintained (Agrios, 1988). 
Resistance genes in the host plant are generally dominant over genes for 
susceptibility, while in the pathogen the virulence gene is generally dominant over 
the avirulence gene. The gene-for-gene concept has only been demonstrated in 
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plants with vertical resistance (Agrios, 1988). However, hypersensitivity is often not 
observed for necrotrophic pathogens such as P. cinnamomi as resistance is horizontal 
(Irwin et al., 1995) or polygenic and occurs as a continuum from those species which 
are highly susceptible to those which are tolerant or resistant. 
1.7.2 Host physiology and resistance 
For disease to occur the susceptible species are usually prominent in the vegetation 
community and environmental conditions are conducive to disease. Disease 
development is also influenced by stand density, plant age and species diversity. 
Research has found manipulation of stand conditions increases competition for water 
between trees and may enhance tolerance to P. cinnamomi (Marks and Smith, 1991). 
Infection is further favoured by the presence of new susceptible tissue in spring. 
Stress, such as that induced by waterlogging, or conversely, drought, also increases 
susceptibility of plant species to infection and colonisation by P. cinnamomi 
(Burgess et ai., 1999a,b). 
1.7.3 Infection and colonisation 
Zoospores preferentially accumulate at the region of elongation just behind the root 
tip and at the junction of tap and lateral roots (Irwin et al., 1995; Tippett et al., 1976). 
Infection has also been shown to occur directly through the periderm at the collar in 
E. marginata and through suberised woody tissue in susceptible hosts (O'Gara et al., 
1996). Following penetration, P. cinnamomi grows intercellularly and intracellularly 
throughout the host tissue, although it is found predominantly in phloem (Cahill et 
al., 1989). 
Chapter 1: Introduction and Literature Review 41 
1.7.4 Host responses to infection 
Following infection of a host plant by P. cinnamomi the first macroscopic sign of 
infection is a water-soaked region (Gadek, 1998; Irwin et al., 1995). As the 
pathogen grows, the centre of the lesion becomes brown and necrotic, and eventually 
the root rots. The pathogen penetrates the epidermis and cortex and progresses into 
the stele, killing the phloem and cambium. It then extends along the roots and may 
girdle the collar. Cellular responses to infection have been recorded for several 
native Australian plant species (Cahill and McComb, 1992; Cahill et al., 1989; 
Tippett and Malajczuk, 1979; Tippett et aI., 1976; Tynan, 1994). Cahill et aI., (1989) 
studied the pattern of invasion and histological changes in root tissue of a number of 
resistant and susceptible native species including X. australis, E. marginata and 
Acacia melanoxylon R. Br. In W.T. (Blackwood) (susceptible) and, E. maculata 
Hook (Spotted Gum) and G. radula (field resistant). Zoospores were found to 
germinate on, and penetrate all species regardless of susceptibility. The initial 
response of all plant species was lesion development and necrosis at the infection 
point, followed by cessation of root growth. Following the appearance of primary 
symptoms, lesions were contained in resistant plants, and root growth resumed. In 
susceptible species continued lesion extension and root death were accompanied by 
secondary symptoms of chlorosis of leaves, dieback of shoots and plant death. 
At the cellular level, responses to infection include the deposition of phenolic 
material, cytoplasmic granulation, shrinkage of protoplasts and distortion and 
disruption of the cell wall. Lignification of cell walls, phenolic deposition and 
formation of callose papillae were more common in resistant species (Cahill et ai., 
1989). Similar responses were observed by Tippett et ai., (1976) in resistant and 
susceptible Eucalyptus species. Cell wall disruption, shrinkage of cytoplasm and 
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enlargement of host cells were also observed in Banksia species following infection 
with P. cinnamomi (Tynan, 1994). 
Limited hypersensitive reactions have been observed in species infected by P. 
cinnamomi. Tippett and Malajczuk (1979) observed a hypersensitive-like response 
in Acacia pulchella in which phenolic accumulation in infected cells and formation 
of wall appositions restricted invading hyphae. Resistant plants are able to restrict 
colonisation of their tissues, although the pathogen may remain alive in the host 
(Cahill et aI., 1989). 
Molecular responses to P. cinnamomi in native Australian plants have been less well 
documented than histological responses, with most studies concentrating on 
Eucalyptus species (Cahill and McComb, 1992; Cahill et ai., 1986a,b). In resistant 
Eucalyptus species phenylalanine ammonia lyase (PAL) activity, lignin and phenolic 
concentrations increased following inoculation. Such responses were not observed in 
susceptible species. Inhibition of PAL reduced the concentration of phenolics and 
lignin, indicating that synthesis of lignin and phenolics is directly involved in the 
resistance response. 
1.8 MEASURES FOR CONTROL OF P. CINNAMOMI 
P. cinnamomi is established extensively throughout areas of native vegetation across 
Australia including more than several hundred-thousand hectares in Western 
Australia, Victoria and Tasmania and tens of thousands of hectares in South 
Australia (Environment Australia, 1999a). Given the resources required, complete 
eradication of P. cinnamomi from native ecosystems in Australia is technically 
impossible, and most methods for control of the pathogen rely on prevention of 
further infection and containment of current infestations rather than curative 
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measures. Hygiene, quarantine and chemical control are the principal methods 
available for management of disease due to P. cinnamomi. 
1.8.1 Chemical control - Phosphonate 
In 1991, Oomycetous plant pathogens contributed approximately 20 per cent of 
worldwide expenses for chemical disease control (Schwinn and Staub, 1995) 
indicating the economic significance of these pathogens in horticultural and 
agricultural industries. Fungicides have been used for control of Oomycetes since 
Bordeaux mixture was developed in 1885 against late blight and downy mildew in 
France (Guest and Grant, 1991; Schwinn and Staub, 1995). Since then a multitude of 
fungicides have been developed against Oomycetes (Schwinn and Staub, 1995; Staub 
and Hubele, 1981). Until the mid 1970s the principal fungicides available for control 
of Oomycetous plant pathogens were non-specific soil fumigants such as methyl-
bromide, treatment with which was limited to fallow periods as a result of their lack 
of specificity (Schwinn and Staub, 1995; Guest and Grant, 1991). An early, but 
unsuccessful attempt to control P. cinnamomi in Wilson's Promontory National Park 
in Victoria, involved clearing vegetation and fumigating soil with chloropicrin-
methyl bromide (Veitch, 1973). The procedure was unsuccessful due to reinfection 
of the area via drainage channels following heavy rains. Other fungicides included 
captan and mancozeb used as root drenches (Schwinn and Staub, 1995). 
The last three decades have seen the emergence of new classes of fungicides for 
control of Oomycetes, including the carbamates, phenylamides, isoxazoles and the 
phosphonates (Schwinn and Staub, 1995). The fungicide phosphonate (syn. 
phosphonic acid, phosphorous acid) (HPO(OH)z) is distinguished from the 
'phosphonates' by the presence of a P-H bond, rather than an organic group bonded 
to a phosphorous ion, and refers to the salts or esters of phosphorous acid 
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(HPO(OHh). In the 1960s phosphonate was discovered to be highly effective 
against Oomycete diseases (Guest and Grant, 1991; Hardy et al., 2001). 
Phosphonate is taken into the plant where it is broken down to the phloem-
translocated phosphite ion (H2P03-) (Barchietto et al., 1992). Phosphite is the 
anionic form of phosphonic acid (HPO{) and is found in phosphonate or fosetyl-AI 
(Hardy et al., 2001). 
o 
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Absorption of fungicides by plant tissues and organs occurs passively by diffusion 
(Neumann and Jacob, 1995). Absorption into the leaf may be impeded by 
epicuticular waxes, and uptake varies between species (Hardy et al., 2001). Ali and 
Guest (1998) found soil drenches of phosphonate to be more effective in controlling 
disease in Xanthorrhoea species than foliar application, perhaps because 
phosphonate uptake was greater in roots. Phosphonate is unique in that it is 
ambimobile. Following application, phosphonate is translocated through the xylem. 
It then moves into the phloem where it is translocated through the plant in 
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association with photoassimilates in a source-sink relationship (Ouimette and Coffey, 
1990). This systemic ability accommodates the potential for protection of plant 
tissues and organs distant from the point of fungicide application enabling 
phosphonate to be applied as a foliar spray, root or soil drenches and as a trunk 
injection. Xylem translocation occurs from the root to the transpiring tissues. It is 
determined by the water potential gradient between the soil and the air and is 
therefore influenced by humidity, temperature, light and phytohormones, in 
particular absisic acid (Neumann and Jacob, 1995). As phloem transport is based on 
a source-sink relationship, phosphonate concentrations are thought to be greater in 
plant tissues and organs undergoing rapid growth (Guest and Grant, 1991; Jackson et 
ai., 2000; Neumann and Jacob, 1995; Ouimette and Coffey, 1990; Saindrenan et ai., 
1988). This dependency of the developmental stages of the plant for translocation of 
photoassimilates through the phloem has important implications for timing of 
fungicide application, and can be used to manipulate application in order to best 
target the invading pathogen at the invasion site (Neumann and Jacob, 1995; 
Wilkinson et ai., 2001a). For example, in cocoa, trunk injections at the beginning of 
the wet season result in the accumulation of phosphite in the beans which form the 
major metabolic sinks at the time (Guest and Grant, 1991). In avocado, in which P. 
cinnamomi is a destructive root pathogen, optimum levels of disease control were 
obtained by application of phosphonate in late summer, when roots become the 
major metabolic sinks (Pegg, et ai., 1990; Whiley et ai., 1986). In native vegetation 
communities in Western Australia, the optimal time for injection of jarrah was found 
to be spring and summer, when plants are actively transpiring (Hardy et ai., 2001). 
However, foliar spraying is preferentially done in autumn when environmental 
conditions are more favourable for minimisation of spray drift and plants are not 
flowering (Hardy et ai., 2001). Timing of phosphonate application also has 
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consequential effects on reproduction of native species and this needs to be taken 
into consideration in planning of spraying operations so as to maximise seed set in 
reseeding plant species, particularly annuals (Fairbanks et al., 2001; Hardy et aI., 
2001). 
1.8.1.2 Phosphate versus phosphite 
Phosphonate activity is sensitive to phosphate concentrations in the environment 
surrounding the pathogen. The protection afforded by phosphite may be reduced 
when the phosphate concentration increases during phases of plant development, for 
example, at flowering (Guest and Grant, 1991; Smillie et al., 1989). Two phosphate 
transport systems are believed to occur in Oomycetes; one is a low affinity system, 
active over a wide range of phosphate concentrations, while the other is a high 
affinity system, induced under phosphate-limiting conditions (Guest and Grant, 
1989). Mutually competitive inhibition occurs for phosphate and phosphite at the 
transporter binding site (Barchietto et ai., 1989; Griffith et ai., 1989; Guest and 
Grant, 1991; Smillie et ai., 1989). Where phosphate concentrations are high, the 
absorption of phosphite by the fungus is reduced, so the level of protection expected 
is diminished (Smillie et al., 1989). Phosphonate uptake in plants also relies on a 
phosphate transport system. This system, however, is not subject to phosphate 
inhibition (Ouimette and Coffey, 1990). 
1.8.1.3 Mode of action 
The biochemistry of phosphonate is still not fully understood, and the mode of action 
has been the subject of much interest. It is now hypothesised to be two-fold. The 
primary target of the phosphate ion is the pathogen. At high concentrations 
phosphonate has a direct fungistatic or fungicidal effect on the pathogen. At lower 
concentrations, phosphonate is believed to alter the pathogen metabolism such that it 
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indirectly stimulates the host defence system (Barchietto et ai., 1992; Guest and 
Grant, 1991; Perez et al., 1995). Evidence for the latter hypothesis is still limited, 
and while recent studies have improved our understanding of the mode of action of 
phosphonate in the host plant (Guest, 1984; Hardy, 2000; Jackson et al., 2000; 
Smillie et ai., 1989; Smith et ai., 1997; Wilkinson et aI., 2001a,b) our understanding 
of the mechanisms by which it induces a defence response in normally susceptible 
host species is still poor. 
1.8.1.4 Effect on pathogen 
If the concentration of phosphite is sufficiently high at the site of pathogen invasion, 
then a direct action on the pathogen is proposed. Phosphite has been found to 
accumulate at concentrations sufficient to reduce fungal growth in vitro suggesting it 
is acting directly on the pathogen (Smillie et ai., 1989). 
However, phosphonates are believed to be fungistatic rather than fungitoxic, 
interrupting metabolic processes in the mycelial phase of the lifecycle of Oomycetes 
by specifically inhibiting certain developmental stages of the target organism (Guest 
and Grant, 1991). The invading organism can often be isolated from the infected 
plant following cessation of lesion development (Ali and Guest, 1998; Hardy et ai., 
2001; Pilbeam et ai., 2000). Sporangia and zoospores have been produced from 
infected plants previously treated with phosphonate (Wilkinson et al., 2001b). 
Variation in sensitivity occurs both between and within Phytophthora species; P. 
o:J 
cinnamomi is highly sensitive, with an EDso less than 0.1 mM, while P. infestans is 
less sensitive and continues to grow at 40 mM (Coffey and Joseph, 1985; Guest and 
Grant, 1991; Grant et ai., 1992). Treatment of P. citrophthora (R.E. Sm. & E.H. 
Sm.) Leionian with 0.5 mM phosphonate reduced pathogen growth by 20 per cent, 
and DNA synthesis by 30 percent, 24 hours after inoculation (Barchietto at aI, 1992). 
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Aberton et al. (1999) reported a reduction in growth rate of P. cinnamomi on 20% 
V8 (Vegetable 8) juice agar amended with various concentrations of phosphonate. 
Wilkinson et al. (2001c) also reported variation in the sensitivity of P. cinnamomi 
isolates to phosphonate in vitro. 
1.8.1.5 Effect on host physiology 
Colonisation of plants is sometimes contained by lower application rates of 
phosphonate than would be predicted by the ECso value determined in vivo (Guest 
and Grant, 1991). It has been proposed that phosphonate is able to induce a more 
rapid response to invading organisms by stimulation of the plant's defence system. 
This hypothesis is supported by evidence of rapid cytological changes, nuclear 
migration, hypersensitive cell death, elevated phytoalexin levels, stimulation of 
production of key defence enzymes and changes in anatomical barriers following 
infection of phosphonate treated plants (Guest, 1984, 1986; Jackson et al., 2000; 
Nemestothy and Guest, 1990; Saindrenan et al., 1988; Smillie et al., 1989; Smith et 
al., 1997). It is further substantiated by the reduction in protection observed 
following addition of inhibitors of various defence pathways (Guest and Grant, 
1991). 
Guest (1984, 1986) reported enhanced defence responses in susceptible tobacco 
seedlings treated with Fosetyl-AI, similar to those observed in resistant tobacco 
cultivars, following challenge with Phytophthora nicotianae. In treated seedlings 
hyphal growth was primarily intercellular, while in untreated seedlings the majority 
of hyphae grew intracellularly. A hypersensitive-like response was elicited in 
phosphonate treated tobacco seedlings upon infection with P. nicotianae var 
nicotianae G.M. Waterhouse, including rapid cytoplasmic aggregation and 
deposition of papillae around, and migration of nuclei toward the point of 
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penetration. Cessation of pathogen growth also coincided with elevated phytoalexin 
levels, which accumulated at an accelerated rate compared with untreated plants 
(Guest, 1984). It was suggested that the antagonistic conditions around the infection 
site may be enhanced by an active accumulation of phloem-translocated phosphonic 
acid, through the creation of a metabolic sink (Guest, 1986). In untreated seedlings 
small papillae deposited near the penetration peg were unable to prevent penetration. 
It was proposed that 'diffusible products' of host or pathogen origin were produced 
to instigate the host defence response in advance of the invading hyphae (Guest, 
1986). Guest (1986) also observed the occurrence of mobile globules, believed to be 
associated with termination of pathogen growth, on the host cell wall adjacent to the 
penetration peg in Fosetyl-AI treated plants. Similar observations of induction of the 
host defence system following treatment with phosphonate have been reported in 
susceptible native Australian plants. 
While it has been suggested that phosphonate is generally more effective in species 
with some level of resistance to the pathogen, phosphonate induced protection has 
been observed in the highly susceptible Banksia brownii Baxter (Smith et a!., 1997). 
Application of phosphonate induced compartmentalisation of infected areas by active 
formation of occlusions in vascular elements and suberisation of tissues. Tissue 
regeneration was observed in treated plants where the cambium had not been killed 
prior to lesion containment and new growth was associated with enhanced defence 
responses. This is the first report of induced host resistance in response to 
phosphonate in susceptible native Australian plants. With further research it may be 
possible to induce resistance in plants normally susceptible to P. cinnamomi prior to 
planting in diseased areas, such as for revegetation purposes. Phosphonate has also 
been observed to influence the levels of 4-coumarate coenzyme-A ligase, cinnamyl 
alcohol dehydrogenase and phenolic accumulation in E. marginata following 
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inoculation with P. cinnamomi (Jackson et aI., 2000). The increase in host defence 
enzymes coincided with a decline in lesion development. Responses to infection in 
treated plant species were similar to those observed in other resistant native plant 
species (Cahill et aI., 1989, 1993; Smith et aI., 1997; Tippett and Hill, 1984; Tippett 
et aI., 1985). 
The site of action for phosphonate in the induction of host defence responses is 
believed to occur in the pathogen rather than the host (Smillie et aI., 1989). The 
release of stress metabolites by the pathogen following its interaction with phosphite 
in the plant has been proposed as being instrumental in the stimulation of the host 
defence system and the pathogen (Smillie et aI., 1989). 
The concentration of phosphonate present in plants has been reported to be 
proportional to the amount supplied to plants (Hardy et ai., 2001; Jackson et aI., 
2000; Smillie et ai., 1989). A relationship also exists between phosphonate 
concentration at the invasion site and the extent to which protection was expressed 
(Jackson et ai., 2000; Saindrenan et ai., 1985; Smillie et aI., 1989). The persistence 
of phosphonate in the plant varies with the plant species and the application rate 
(Hardy et aI., 2001) and thus influences management of the spraying regime for a 
given vegetation community. Injection of phosphonate has been reported to provide 
longer lasting protection than foliar application (Hardy et ai., 2001; Shearer and 
Fairman, 1997). Once accumulated, phosphonate remains in the plant for extensive 
periods of time (Smillie et aI., 1989), declining slowly either as a result of dilution as 
the plant grows, or due to leaf fall or fruiting (Guest and Grant, 1991). 
Responses to infection are dependent on the amount of phosphonate applied and the 
extent of invasion by P. cinnamomi (Jackson et aI., 2000; Smith et ai., 1997). 
Timing of inoculation following fungicide treatment is also important (Jackson et aI., 
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2000). Activity of phenylpropanoid pathway enzymes was found to peak in plant 
roots inoculated two and five days after treatment, while the reduction in lesion 
development was greatest when plants were inoculated 14 days after spraying. 
Finally, a reduction in plant growth rate observed following application of 
phosphonate is believed to enable the host extra time to develop its defence response 
and effectively inhibit the invading organism (Guest and Grant, 1991). 
1.8.1.6 Phytotoxicity 
Phosphonate is generally considered to be environmentally benign and to have low 
mammalian toxicity, increasing its appeal for application in vegetation communities 
on which mammals may be dependent for habitat and food. However, phytotoxicity 
to phosphonate has been observed in horticultural species, ornamental species, and in 
native Australian plant species (Aberton et al., 1999; Ali and Guest, 1998; Anderson 
and Guest, 1990; de Boer and Greenhalgh, 1990; Fairbanks et at., 2000; Hardy et ai., 
2001; Pilbeam et al., 2000). Symptoms include foliar chlorosis and necrosis, growth 
abnormalities such as rosetting of foliage, spindly elongated growth, defoliation and, 
in severe cases, plant death (Hardy et al., 2001). Symptoms are correlated with 
application rate, and severity increases with higher application rates. However, 
sensitivity to phosphonate also varies at the family and the genus level. Hardy et al. 
(2001) found most members of the Myrtaceae to be sensitive, while variation was 
greater in the Proteaceae, Epacridaceae and Papillonaceae. Variation was also high 
among Banksia species. Recovery from toxicity ranged from several months to over 
a year. In some species, phosphonate stimulated development of new shoots, similar 
to that observed following fire damage (Pilbeam et al., 2000). Phytotoxicity as a 
result of phosphonate application has also been shown to reduce the reproductive 
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capacity of some species including a decline in pollen fertility and seed germination 
(Fairbanks et ai., 2001). 
1.8.1.7 Resistance to phosphonate 
Variation exists among P. cinnamomi isolates in their ability to colonise phosphonate 
treated plants, however, the sensitivity of isolates to phosphonate in pianta and in 
vitro is not well correlated (Hardy et aI., 2001; Wilkinson et aI., 2001c). While 
periodic spraying may enhance selection pressure for more phosphonate-tolerant 
isolates, the multi-site action of phosphonate reduces the likelihood of the emergence 
of resistance in the field (Guest and Grant, 1991). 
Phosphonate is an important and effective tool for minimising the impact and spread 
of P. cinnamomi in native ecosystems and it is important that, as with other chemical 
control agents, it be used in association with additional control methods for 
maximum efficacy, and to reduce the possibility of development of phosphonate-
tolerant P. cinnamomi isolates. 
1.8.2 Physical control and the reduction of spread of P. cinnamomi 
Even with the use of chemical methods, traditional methods of control are essential 
for control of P. cinnamomi to avoid further spread. Initial identification of diseased 
and high-risk areas and mapping of these regions is important so that high-risk areas 
can be monitored more closely, and infested areas managed accordingly. Methods 
for physical control include general hygiene practices to reduce spread of inoculum 
in contaminated soil and plant material. Improved hygiene in nurseries is important 
as transplanting infected material from nurseries increases the risk of introducing the 
pathogen into new areas. 
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Identification of infested areas to locate high-risk zones for implementation of 
quarantine policies prevents further spread from infected to uninfected regions. This 
may involve restricting access to, or quarantine of, areas subject to periodic flooding, 
or roads on high lying areas, or near drainage channels. Road construction on ridges 
should be avoided as inoculum is carried downhill in drainage and has been reported 
to occur at rates of 400 m annually (Weste, 1993). Where road construction or 
mining activities occur, these should be planned for the hot dry summer season when 
risk of P. cinnamomi spread is reduced (Hardy et al., 2001). Where vehicular or 
human traffic is high, wash down stations for cleaning vehicles and boots when 
passing from infected to non-infected areas minimise risk of spread of inoculum 
from infected to uninfected areas (Figure 1.8). Education and training to increase 
public awareness of the risks associated with P cinnamomi infection are also 
important and effective tools for reducing spread of disease. 
1.9 THE ANGLESEA HEA THLANDS 
The principal study site is located at Anglesea in the eastern Otway Ranges 
approximately 100 km south west of Melbourne. Predominantly public land, the 
area includes National Estate land (7000 ha), Anglesea Flora Reserve, the Angahook-
Lome State Park and the Alcoa Lease area (7350 ha). Until recently the Alcoa mine 
area was managed by Alcoa of Australia and the remainder by a variety of 
government departments. In 1995, Alcoa and the Department of Natural Resources 
and Environment (DNRE) established a management partnership, and an advisory 
committee was founded to assist in the development of the Anglesea Heathlands 
Management Plan. 
The area incorporates some of the most unique indigenous vegetation communities in 
Australia. The vegetation comprises primarily sclerophyllous forests and heathlands. 
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Figure 1.8. Vehicle wash-down stations used at Alcoa World Alumina bauxite 
mines in Western Australia to avoid further spread of P. cinnamomi via movement 
of infested soil on vehicles. a. Portable wash-down station; b. Vehicle on fixed 
wash-down station; c. Automatic washing of vehicle on wash-down station. 
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Over 690 plant species, comprising 26 per cent of the total Victorian flora, have been 
recorded in the area (Wilson et al., 1997). Vegetation and animal communities are 
now threatened by disease due to P. cinnamomi. Poor management of recreational 
activities, such as four wheel driving and road biking, in the area are having a severe 
effect on spread of P. cinnamomi. Management of the area requires an integrated 
approach involving education, public awareness, quarantine of infected areas during 
high-risk periods, the construction of vehicle wash down stations to avoid transfer of 
inoculum into and out of the area and chemical control in already infected areas. 
1.10 PROJECT AIMS 
Native ecosystems are highly complex in their structure and the faunal and floristic 
diversity makes control of pathogens difficult. This project was initiated as a 
partnership between Deakin University and Alcoa World Alumina to investigate the 
impact of P. cinnamomi on industry-managed land. The objective of the project was 
to provide information for the development of management strategies for the area 
leased by Alcoa and the surrounding heathland vegetation communities near 
Anglesea, a region infected by P. cinnamomi. 
Know ledge of the structure of the P. cinnamomi population at Anglesea is minimal. 
Investigation of the epidemiology of disease provides essential information required 
for development of management strategies for disease control. Disease control in the 
region is primarily in the form of seasonal quarantine of infected areas and limited 
phosphonate application. Two approaches were taken in the current project to 
investigate management of disease due to P. cinnamomi. The morphological 
variation, pathogenicity and genetic diversity of P. cinnamomi at Anglesea and in 
other regions in Victoria were analysed to establish the extent of variation within and 
between populations. In addition, the interaction between P. cinnamomi and the host 
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x. australis was examined to determine how the fungicide phosphonate acts to alter 
the response of X. australis to invasion by P. cinnamomi. Findings will contribute 
valuable information for development of a strategic disease management plan for 
control of P. cinnamomi in the Anglesea heathlands in Victoria. 
The major objectives of the current study were to: 
(i) examine the morphological and physiological characteristics of the P. 
cinnamomi population at Anglesea and to compare this with the 
characteristics of P. cinnamomi populations located elsewhere in Victoria 
(Chapter 2); 
(ii) examine variation in pathogenicity among isolates of P. cinnamomi from the 
Anglesea population and to compare this with pathogenicity of isolates from 
other P. cinnamomi populations (Chapter 3); 
(iii) determine whether phenotypic variation observed among P. cinnamomi 
isolates was genetically based (Chapter 4); 
(iv) develop cell suspension cultures of X. australis (Chapter 5); 
(v) investigate the interaction between X. australis and P. cinnamomi at the 
cellular level using cell cultures, and at the tissue level using seedlings, and to 
study the effect of phosphonate on the host-defence response following the 
host-pathogen interaction (Chapter 6). 
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CHAPTER 2. MORPHOLOGICAL VARIATION IN 
PHYTOPHTHORA CINNAMOMI FROM SOUTHERN VICTORIA, 
AUSTRALIA 
2.1 CHAPTER ABSTRACT 
Morphology has, in the past, been used as an indicator of variation within species. 
The present study investigated the morphological and physiological characteristics of 
P. cinnamomi isolates collected from diseased vegetation communities at Anglesea, 
Victoria. Characteristics studied included growth rate on PDA, CMA and V8 agar at 
24°C, growth rate on V8 agar at 15°C, colony morphology on PDA, sporangial and 
gametangial morphology, sporangial production and mating type. Morphological 
variation among isolates was demonstrated in radial growth rate, colony morphology, 
sporangial dimensions, sporangial production, and oogonial dimensions. Sporangial 
and oogonial dimensions and sporangial production were not significantly different 
between geographical origins. All isolates were found to be of the A2 mating type 
suggesting variation is likely to have been derived asexually. Paragynal associations, 
in an organism characteristically defined as amphigynal, were observed following 
crossing with Al isolates. This is the first such study undertaken in southern Victoria 
and the findings contribute valuable information for future management of disease in 
the Anglesea heathlands. 
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2.2 INTRODUCTION 
P. cinnamomi has been the subject of numerous morphological studies, primarily as a 
basis for diagnostics and classification of the organism (Gerrettson-Comell, 1989; 
Waterhouse, 1963, 1970; Zentmyer et al., 1979), but also to describe phenotypic 
variation within and among pathogen populations (Galindo and Zentmyer, 1964; 
HOberli et al., 2001; L6pez-Herrera and Perez-Jimenez, 1995). 
P. cinnamomi is one of the most easily identified Phytophthora species, with 
distinguishing features including coralloid hyphae, prominent hyphal swellings and 
abundant chlamydospores. However, studies both in Australia (Chee and Newhook, 
1965; Gerrettson-Comell, 1980; HOberli et al., 2001; Shepherd and Forrester, 1977; 
Shepherd et al., 1974), and other regions of the world impacted by the pathogen (Al-
Hedaithy and Tsao, 1979; Alizadeh and Tsao, 1985; Galindo and Zentmyer, 1964; 
Haasis et ai., 1964; Ho and Zentmyer, 1977; L6pez-Herrera and Perez-Jimenez, 
1995; Zentmyer et al., 1976) have demonstrated considerable phenotypic variation 
within the species. Variability within Phytophthora species has been observed in 
colony type, growth rate, sporangial dimensions, chlamydospores and gametangia 
and is influenced by factors such as nutrient availability, temperature and isolation 
method (Alizadeh and Tsao, 1985; Cameron, 1966; Cameron and Milbrath, 1965; 
Chee and Newhook, 1965; Haasis et al., 1964; L6pez-Herrera and Perez-Jimenez, 
1995; Shepherd and Pratt, 1974; Zentmyer et ai., 1976, 1979). Surprisingly, our 
understanding of phenotypic variation between populations is still limited. 
Optimal temperatures for growth of P. cinnamomi range between 24 and 28°C 
(Erwin and Ribeiro, 1996; Stamps et al., 1990; Zentmyer, 1980). Zentmyer et al. 
(1976), using 187 isolates of P. cinnamomi, demonstrated that growth was limited at 
temperatures below 5°C and above 33°C and that isolates varied in their sensitivity 
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to temperature. Similar studies with Australian isolates of P. cinnamomi by Htiberli 
et al. (2001) found growth rate and colony morphology on PDA were affected by 
temperature. Temperatures of 24°C and 28°C were optimal for growth of the 
majority of isolates, while temperatures of 32°C were fatal to 75 per cent of the 
isolates within 16 days. Under field conditions, warm soil temperatures (and high 
soil moisture) in spring coincide with a greater pathogen population (Shea et aI., 
1980). Temperature also influences the rate of development, but not size, of sexual 
structures. Zentrnyer et al. (1979) recorded a decline in the abundance of oospores at 
temperatures outside the range of 15°C to 24°C. 
Both oospore abundance and size are affected by nutrient availability (Zentmyer et 
al., 1979). Oospores formed on cornmeal agar were significantly larger than those 
produced on carrot agar, while on potato dextrose agar no oospores were formed at 
all. Chang et al. (1974) also found nutrition to influence oospore production in 
Australian P. cinnamomi isolates. Furthermore, Gao et al. (1998) found culture 
medium to influence the antheridial configuration in P. boehmeriae. Growth rate 
and the growth-temperature relationship of P. cinnamomi isolates are also affected 
by nutrition (Zentrnyer et al., 1976; Zentrnyer et aI., 1979). These studies highlight 
both the scope of variation observable within the species P. cinnamomi, and the 
importance of using standardised, or uniform conditions for taxonomic and 
morphological characterisation of P. cinnamomi isolates. 
Victorian populations have not been investigated in depth, and no studies have 
examined the diversity in the P. cinnamomi populations at Anglesea, in southern 
Victoria, Australia. Limited knowledge of phenotypic variation among P. 
cinnamomi isolates in the Anglesea population impacts on development of disease 
management strategies, as our understanding of the potential of the population to 
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change over time is minimal. The current study examined the micro- and macro-
morphological characteristics of P. cinnamomi isolates from the Alcoa Lease Area in 
Anglesea, Victoria, with the aim of improving our knowledge of the diversity and 
structure of the P. cinnamomi population in the species rich vegetation communities 
of the Anglesea area. Morphological and physiological traits of these isolates are 
described and compared with the characteristics of P. cinnamomi isolates from 
additional geographic locations within Victoria and Western Australia to determine 
the extent of variation within and between populations. 
2.3 MATERIALS AND METHODS 
2.3.1 Phytophthora cinnamomi isolates 
Soil samples for isolation of P. cinnamomi were collected from Wilson's Promontory 
National Park (WPNP), Brisbane Ranges National Park (BPNP) and Otway National 
Park (ONP) (Figure 2.1), and from the principal study site, the Alcoa Lease Area at 
Anglesea (Figure 2.2) in Victoria, Australia. 
P. cinnamomi was isolated from soil by baiting with Eucalyptus sieberi L.A.S. 
Johnson (Silvertop) cotyledons (Marks and Kassaby, 1974) or Pimelea sp. leaves and 
subculturing onto PARPH Phytophthora selective medium (Appendix A-I). Briefly, 
approximately 50 g soil was mixed with 100 ml distilled water in a plastic cup to 
form a slurry. Five Eucalyptus sieberi L.A.S. Johnson cotyledons or Pimelea sp. 
leaves were placed onto the surface of the water and the mixture left at room 
temperature (21°C) for two days. The E. sieberi cotyledons, or Pimelea sp. leaves, 
were then surface sterilised in 70% ethanol for 30 seconds, rinsed three times in 
sterile distilled water (SDW), patted dry on sterile paper towel and plated onto 
selective PARPH medium. Cotyledons, or leaves, were pressed into the agar to 
enable the pathogen to grow out of the plant tissue into the nutrient medium. 
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Figure 2.1. 
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Figure 2.2. Location of sampling sites from which Phytophthora cinnamomi was 
isolated in the Alcoa Lease Area at Anglesea, Victoria. (a) Track 0; (b) Shiny Eye 
Track; (c) No. 2 Road; (d) Salt Creek Track; (e) and (f) Bald Hills Road. 
Chapter 2: Morphological variation in P. cinnamomi from southern Victoria, Australia 63 
The identity of collected isolates was confinned based on morphological 
characteristics including typically broad, coralloid hyphae with abundant hyphal 
swellings and swollen vesicles and the occurrence of numerous globose 
chlamydospores in clusters (Erwin and Ribeiro, 1996; Zentmyer, 1980; Newhook et 
al., 1978) and the identification key of Stamps et al. (1990). 
To minimise variation and ensure only one biotype was isolated (Erwin and Ribeiro, 
1996), isolate cultures were initiated by subculturing hyphal tips to fresh P ARPH 
agar. Working cultures were maintained on 10% V8 agar medium (Appendix A-2) 
at 24°C in the dark. The origins of P. cinnamomi isolates collected are listed in 
Table 2.1. 
P. cinnamomi isolates were also provided by Dr Ian Smith and Paul Clements at the 
Centre for Forest Tree Technology, Heidelberg, Victoria (Table 2.2) and by Dr Giles 
Hardy, Murdoch University, Western Australia (Table 2.3). 
2.3.2 Culture maintenance 
Stock cultures of all P. cinnamomi isolates were maintained on Com Meal Agar 
(CMA) (Appendix A-3) in 10 ml SDW in McCartney bottles. To prepare pennanent 
cultures, P. cinnamomi isolates were subcultured onto CMA and incubated in the 
dark at 24°C for 4 days. Ten to 20 agar plugs (3 x 3 mm) were cut from the actively 
growing edge of the colony using a sterile scalpel and placed into SDW in 
McCartney bottles. The bottles were stored at room temperature (21°C) in the dark. 
All isolates were freshly subcultured in duplicate at six-monthly intervals. Isolates 
were subcultured from permanent culture as required. 
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Table 2.1. Details of Deakin University Phytophthora cinnamomi isolates 
collected in Victoria. 
Isolate 
DUOOl 
DU002 
DU003 
DU004 
DUOOS 
DU006 
DU007 
DU008 
DU009 
DUOlO 
DUO 11 
DU012 
DUO 13 
DU014 
DU01S 
DU016 
DU017 
DU018 
DU019 
DU020 
DU021 
DU022 
DU023 
DU024 
DU02S 
DU026 
DU027 
DlJ028 
Isolation date 
30-06-98 
31-08-98 
16-09-98 
16-09-98 
16-09-98 
16-09-98 
04-10-98 
04-10-98 
04-10-98 
04-11-98 
04-11-98 
04-11-98 
17-11-98 
03-09-99 
10-09-99 
02-02-99 
02-02-99 
31-11-00 
02-02-99 
02-02-99 
02-02-99 
02-02-99 
02-02-99 
16-11-98 
02-02-99 
29-01-99 
02-02-99 
] 6-] ] -98 
Source of isolate 
X. australis 
" 
" 
G. radula. 
l. ceratophyllus 
X. australis 
" 
" 
" 
" 
" 
" 
" 
" 
1. ceratophyllus 
X. australis 
" 
" 
Origin 
TkO, Anglesea 
No.2. Rd, Anglesea 
No.2. Rd, Anglesea 
No.2. Rd, Anglesea 
No.2. Rd, Anglesea 
No.2. Rd, Anglesea 
Marshalls Road, BRNP 
Marshalls Road, BRNP 
Marshalls Road, BRNP 
ERR, Anglesea 
BRR, Anglesea 
ERR, Anglesea 
Mt Oberon Summit, WPNP 
TkO, Anglesea 
SET, Anglesea 
SeT, Anglesea 
SeT, Anglesea 
TkO, Anglesea 
BHR, Anglesea 
TkO, Anglesea 
SeT, Anglesea 
BRR, Anglesea 
Track 0, Anglesea 
BRR, Anglesea 
ERR, Anglesea 
TOT, WPNP 
ERR, Anglesea 
aRB, Anglesea 
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Isolate Isolation date Source of isolate Origin 
DU029 06-11-98 
DU030 06-11-98 
DU031 06-11-98 " 
DU032 02-02-99 
DU033 16-11-98 
DU034 29-01-99 
DU035 29-01-99 
DU036 31-10-00 B. marginata 
DU037 07-09-99 X. australis 
DU038 02-12-00 " 
DU039 11-12-00 " 
DU041 11-12-00 " 
DU042 31-10-00 B. marginata 
Anglesea = Area including the Alcoa 
Lease Area 
G. radula = Gahnia radula R.Br. 
1. ceratophyllus = Isopogen ceratophyllus 
R.Br 
B. marginata = Banksia marginata Cav. 
BHR= Bald Hills Rd, Anglesea 
BRNP= Brisbane Ranges National 
Park, Victoria 
BHR, Anglesea 
BHR, Anglesea 
BHR, Anglesea 
SeT, Anglesea 
BHR, Anglesea 
TOT, WPNP 
TOT, WPNP 
TkO, Anglesea 
BHR, Anglesea 
Moonlight Heads, ONP 
Moonlight Heads, ONP 
Fairhaven, ONP 
TkO, Anglesea 
SCT= Salt Creek Track, Anglesea 
SET = Shiny Eye Track, Anglesea 
TkO = Track 0, Anglesea, 
TOT = Tidal Overlook Track, 
WPNP, Victoria 
WPNP= Wilson's Promontory 
National Park, Victoria 
NB. Where plant species are gi ven, this indicates soil was taken from the base of these plant 
species. 
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Table 2.2. Phytophthora cinnamomi isolates obtained from the Centre for Forest 
Tree Technology (CFIl), Heidelberg, Victoria. 
Isolate Date Source of isolate Origin 
CFIT7 
CFTf9 
CFIl14 
CFIl15 
CFIl17 
CFIl18 
CFIT23 
CFIT24 
CFIl38 
CFIl40 
CFrT47 
CFrT51 
CFrT83 
CFIT84 
02-03-88 
Unknown Sprengelia sp. 
23-02-82 Soil 
01-05-91 
11-02-86 Soil 
01-09-81 E. obliqua 
26-08-81 Banksia sp. 
10-02-88 Eucalyptus sp. 
06-08-92 
06-08-92 
Unknown X. australis 
11-12-92 
18-11-94 
18-11-94 
CFIT87 23-03-95 Soil 
CFrT88 24-03-95 " 
CFrT89.2 28-03-95 " 
CFIT89.3 28-03-95 " 
CFrT89.4 28-03-95 " 
CFIT90 04-95 X. australis 
CFrT91 28-03-95 Soil 
BRNP= 
GNP = 
MWNP= 
Brisbane Ranges National Park 
Grampian Ranges National Park 
Mt. William National Park, 
Tasmania 
ONP= Otway National Park 
Orbost, Victoria 
MWNP, Tasmania 
Carl Smith Rd, Orbost, Victoria 
Orbost, Victoria 
Orbost, Victoria 
Yarram, Victoria 
GNP, Victoria 
Kangaroo Ground, Victoria 
Orbost, Victoria 
Orbost, Victoria 
BRNP, Victoria 
PNNP, Victoria 
GNP, Victoria 
GNP, Victoria 
Traralgon, Victoria 
Gelliundale Nursery, Victoria 
ONP, Victoria 
ONP, Victoria 
ONP, Victoria 
Rushworth, Victoria 
ONP, Victoria 
PNNP= 
E. obliqua = 
Point Nepean National Park 
unknown source 
= Eucalyptus obliqua L'Her 
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Table 2.3. Details of Phytophthora cinnamomi isolates obtained from Murdoch 
University, Western Australia. 
Isolate Isolation date Source of isolate Origin 
WA92 1993 C. calophylla Jarrahdale, WA 
WA1l9 1993 C. calophylla Willowdale, W A 
WA127 1993 E. marginata Jarrahdale, W A 
WA94-3 1994 E. marginata Willowdale, W A 
WA94-11 1994 E. marginata Willowdale, W A 
WA94-17 1994 E. marginata Willowdale, W A 
WA94-19 1994 E. marginata Willowdale, W A 
WA94-26B 1994 E. marginata Willowdale, W A 
WA94-33 1994 C. calophylla Willowdale, W A 
WA94-48 1994 E. marginata Willowdale, W A 
C. calophylla - Corymbia calophylla (Lindl.) K.D. Hill and L.A.S. Johnson 
E. marginata - Eucalyptus marginata Smith 
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2.3.3 Repassaging of P. cinnamomi isolates through E. sieberi seedlings 
All P. cinnamomi isolates were passaged through E. sieberi seedlings prior to use in 
experiments as a preventative measure against potential loss of characteristics and 
virulence resulting from continuous subculturing and storage (Erwin, 1983). Isolates 
were cultured on CMA by placing a mycelial plug on one side of the nutrient plate 
and incubating the culture for 2 days at 24°C in the dark. A four-week-old E. sieberi 
seedling was placed on each agar plate so that the root tip was touching the edge of 
the P. cinnamomi colony. The plates were sealed with Parafilm® (American 
National Can, Chicago, USA) and incubated at 24°C for two days. The seedling was 
then removed, surface sterilised in 70% ethanol for 30 seconds and rinsed three times 
in SDW. Tissue at the edge of the lesion was plated onto PARPH selective medium 
to reisolate P. cinnamomi. Isolates were then subcultured to fresh agar medium as 
required for the respective experiment. 
2.3.4 Macro-morphological phenotypes 
The following morphological characteristics of P. cinnamomi were identified and 
examined: (i) growth rate, (ii) colony morphology on potato dextrose agar (PDA), 
(iii) sporangial dimensions and numbers, (iv) mating type, (v) oogonial dimensions, 
and (vi) paragynal associations. 
Morphological characteristics of reproductive structures were determined directly 
using a compound microscope (Axioskop Zeiss Pty Ltd., Carnegie, Victoria) and 
photos were taken using a digital camera (Spot RT Slider, SciTech Pty Ltd, Victoria, 
Australia). Dimensions of structures were measured using an ocular micrometer, 
which was calibrated with a stage micrometer prior to use. 
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2.3.4.1 Growth rate on nutrient medium 
Growth rates were determined by subculturing isolates onto CMA, 10% clarified V8 
juice agar (10% CV8) (Appendix A-4) and PDA (Appendix A-5). The cultures were 
incubated at 24°C, in the dark for 3 days. Agar plugs (3mm2) were cut from the edge 
of the colony with a sterile scalpel and transferred aseptically to fresh CMA, 10% 
CV8 and PDA medium, respectively, to minimise the effect of the nutrient medium 
on growth rate. Three nutrient media plates (90 rnrn diameter) with 20 ml of medium 
were used for each isolate. Plates were sealed with Parafilm® and incubated at 24°C 
in the dark for 5 days. Cultures on 10% CV8 agar were also incubated at 15°C. 
Colony diameters were measured in two directions, perpendicular to one another, 
through the centre of the inoculum disc daily for 5 days. Average daily radial growth 
rate (rnrn.d- I ) of each isolate was calculated using the following formula: 
Growth rate (mm.d- I ) = [(GR day 5 - GR day 1) / 5 days] - 3mm 
where GR day 5 equals the growth in mm on day 5, and GR day 1 equals the growth 
rate in rnrn on day 1, and 3 mm is the diameter of inoculum plug. The day of initial 
subculture is day O. Three replicates were made for each medium, and the 
experiment was repeated twice. The final growth rate was the average of all 
replicates. 
2.3.4.2 Colony morphology 
To investigate differences in colony morphology isolates were grown on PDA at 
24°C in the dark for 3 days. A mycelial plug was then taken from the edge of the 
colony and transferred to fresh PDA medium to minimise the effects of the growth 
medium on colony morphology. Cultures were incubated at 24°C in the dark. After 
7 days, colony morphology was recorded as rosaceous, petaloid or undefined pattern 
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based on descriptions given by Erwin and Ribeiro (1996). Cultures were 
photographed using a digital camera (Sony MVC-FD81; Sony Australia Ltd. New 
South Wales, Australia). The experiment was repeated three times. 
2.3.5 Micro-morphological phenotypes 
2.3.5.1 Zoospore production 
Zoospores were produced based on the method of Byrt and Grant (1979). P. 
cinnamomi cultures were established by placing a single inoculum plug (2 x 2 mm) 
onto 10% V8 agar medium and incubating at 24°C in the dark for 3 days. Five agar 
plugs (2-3 mm2) were taken from the actively growing edge of the colony and placed 
onto a miracloth disc (Appendix A-6) on a fresh 10% V8 agar plate. Cultures were 
incubated in the dark at 24°C for 5 days to induce sporangial formation. The 
miracloth, over which the mycelium had grown, was transferred aseptically to a 
sterile 250 ml Erlenmeyer flask containing 100 ml of 5% clarified V8 juice broth 
(5% CV8 broth) (Appendix A-7) and the culture then incubated overnight (16 h) on 
an orbital shaker (90 rpm) at 24°C, under two 37 watt fluorescent lights suspended 40 
cm above the culture flasks. Following incubation, the V8 broth was decanted and 
the miracloth washed four times at 15 minute intervals with 100 ml of mineral salts 
solution (MSS) (Appendix A-S). The miracloth culture was then incubated again 
overnight (20 h) in 100 ml MSS at 24°C, in the light on the orbital shaker. After 20 
hours the solution was decanted and the miracloth rinsed with 50 ml MSS. The 
miracloth disc was then removed from the flask, placed in a sterile 90 mm-diameter 
petri dish covered with 20 ml MSS and incubated at lSoC for 2 to 3 hours, until 
zoospores were released as a result of cold shock. Zoospore density was determined 
using a haemocytometer and the suspension diluted to a concentration of S x 103 
spores.mr l with SDW for inoculation of plant material. 
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2.3.5.2 Sporangia 
Sporangia were produced as described in section 2.3.5.1 up to the cold-shock 
incubation at 18°C. To examine sporangia, mycelium was separated from the 
miracloth, placed onto a glass slide and examined under 400 x magnification. The 
length and width of 60 randomly selected sporangia per isolate, per flask, were 
measured and the average length:width (l:w) ratio of each sporangium calculated. 
The experiment was conducted in duplicate. 
The number of sporangia produced by each isolate was determined by counting the 
number of sporangia within the field of view under 200 x magnification. Sporangia 
in five fields of view were counted for each flask, and the average calculated for each 
isolate. The experiment was repeated three times. 
2.3.5.3 Mating type 
Mating type was determined by growing each P. cinnamomi isolate on 10% CV8 
agar medium for 3 days at 24°C in the dark. A mycelial plug (2 x 2 mm) was then 
taken from the actively growing edge of the colony and transferred to the centre of 
one half of a fresh 10% CV8 agar plate. Two known Al isolates, H1012 and H1003 
(the gift of Dr. Adrienne Hardham, ANU), were cultured under similar conditions to 
those described above. A mycelial plug of an Al isolate was placed in the centre of 
the adjacent half of the plate (Figure 2.3). Each P. cinnamomi isolate was paired 
with each of the two Al isolates. The plates were then incubated in the dark at 24°C 
for 7 days, or until mycelium from both isolates had grown together. Mating type 
was determined using a light microscope to observe the presence or absence of 
oogonia. Where oogonia were present the isolate was characterised as A2. The 
absence of oogonia suggested an Al mating type. The experiment was duplicated. 
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Figure 2.3. Diagram depicting placement of mycelial plugs on agar plate for 
determination of mating type (not to scale). Plates were divided in two and an agar 
plug (2 x 2 mm) of each mating type (i.e. Al and A2) each placed on one half of the 
medium. 
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2.3.5.4 Oogooia 
Oogonia and antheridia were produced as described in section 2.3.5.3. Oogonia were 
viewed at 400 x magnification under the microscope. The length and width of 100 
randomly selected oogonia were measured per isolate and the average calculated. 
The experiment was repeated twice. 
2.3.5.5 Paragyny in P. cinnamomi 
Oogonia were produced as described in section 2.2.5.3. Following incubation, 
oogonia and antheridia were located on the culture plate and three pieces of agar (5 x 
5 mm) were cut from the culture and placed onto separate microscope slides. The 
slides were placed on a hot plate at 60°C and a cover slip was applied with gentle 
pressure to flatten the warm agar. Three hundred oogonia were counted on each 
slide for each isolate pairing and the number of paragynal associations recorded. The 
experiment was carried out in duplicate. 
2.3.6 Data analysis 
Data were examined for assumptions of homoscedasticity, outliers and normality. 
Transformations were performed where required, for use of parametric tests 
(Dytham, 1999; Fowler and Cohen, 1990). The arcsine square root transformation 
was performed on proportion data. One-way ANOV As and the Least Significant 
Difference (LSD) test (p = 0.05) were used to test for significant effects. Pearson's 
Test and the Spearman Rank Test were used to test for correlation between data. 
Where data could not be transformed to fit a normal distribution non parametric tests 
were used. Data for growth rate on 10% CV8 agar at 15°C did not fit the normal 
distribution and could not be corrected by transformation and was analysed using the 
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non-parametric Kruskal Wallis test. Analyses were performed using SPSS® Base 
10.0 statistics software (SPSS Inc. Headquarters, Illinois, USA). 
2.4 RESULTS 
2.4.1 Macro-morphological phenotypes 
2.4.1.1 Colony morphology 
Colony morphology of the isolates was described as rosaceous, petaloid or 
undefined. The 'undefined' classification was given to those isolates that did not 
display any characteristic pattern as described by Erwin and Ribeiro (1996). The 
greatest proportion of colony types were rosaceous (56%), followed by petaloid 
(37.5%). Sixteen and a half% of colony patterns were undefined (Table 2.4; Figure 
2.4). 
A significantly greater (p > 0.05) proportion of rosaceous patterns were formed by 
isolates from the Anglesea and BRNP popUlations (Table 2.5). WPNP isolates 
produced more colonies with undefined patterns relative to isolates from other 
regions. No petaloid colony types were observed in the BRNP isolates. 
2.4.1.2 Growth rate on 10%V8 
Growth rate on 10% V8 agar was significantly different between isolates (p = 0.003) 
at 15°C but not at 24°C (p = 0.973) (Table 2.4). At 15°C DU021 was the slowest 
growing isolate and DU028 the most rapid (Table 2.6). At 24°C the slowest growth 
rate was displayed by DU042 and the fastest by CFTT89.3 (Table 2.6). There was 
no significant difference in growth rate between isolates based on their origin (p > 
0.231) at either temperature (Table 2.5). 
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2.4.1.3 Growth rate on CMA 
Growth rate on CMA at 24°C was significantly different between isolates (p = 0.012) 
(Table 2.4). Isolate DU042 was the slowest growing isolate on CMA, while CFIT91 
displayed the fastest growth rate (Table 2.4). There was no significant difference in 
growth rate between isolates based on their origin (p = 0.218) (Table 2.5). 
2.4.1.4 Growth rate on PDA 
Growth rate on PDA at 24°C was significantly different between isolates (p < 0.001) 
(Table 2.5). The fastest growth rate was displayed by isolate DU028, while DU041 
had the slowest radial growth rate (Table 2.6). Differences in radial growth rate were 
significant (p = 0.004) between isolates from Anglesea and WPNP. There was no 
difference (p = 0.363) in growth rates of other isolates based on their origin (Table 
2.5). 
2.4.1.5 Correlation of growth rates on various media 
Using the Pearson Correlation, growth rate at 24°C on the three media was 
significantly correlated between the PDA and the CMA (p < 0.011, r = 0.264). 
Correlations between V8 and PDA (p = 0.392, r = -0.096) and V8 and CMA (p = 
0.976, r = -0.003) were low. Using the Spearman's Rank Test, correlation between 
growth rates on CV8 at 15°C and 24°C was low (p = 0.130, r = 0.159). 
2.4.2 Micro-morphological phenotypes 
2.4.2.1 Sporangia 
Sporangial dimensions and sporangial numbers were significantly different between 
all P. cinnamomi isolates (Table 2.7) (Figure 2.5). Based on isolate origin, 
sporangial lengths of Anglesea isolates were significantly shorter than those of 
Chapter 2: Morphological variation in P. cinnamomi from southern Victoria, Australia 76 
isolates from BRNP (p < 0.001) (Table 2.8). No differences (p > 0.068) were 
observed in sporangial lengths between isolates from other populations. Sporangia 
were significantly wider in isolates from the BRNP and the ONP compared with 
isolates from other regions (p < 0.019). Isolate DU001 produced sporangia with the 
greatest l:w ratio, while isolate DU022 had the smallest sporangiall:w ratio (Table 
2.9). 
The l:w ratio was significantly greater in isolates from Anglesea and WPNP relative 
to isolates from the BRNP (p = 0.049) and the ONP (p = 0.010). No significant 
differences (p > 0.527) were observed in l:w ratios between isolates from BRNP and 
the ONP and isolates from Anglesea and WPNP. 
The number of sporangia produced was significantly different (p < 0.001) between 
isolates (Table 2.7). Based on origin of isolates there were no significant differences 
(p > 0.151) in the number of sporangia produced between isolates from the various 
Victorian locations (Table 2.8). The greatest number of sporangia were produced by 
isolate DU007 from the BRNP, while isolate DUOlO from Anglesea produced the 
least (Table 2.9). 
2.4.2.2 Mating type 
All P. cinnamomi isolates collected from Victoria were found to be of the A2 mating 
type when crossed with an Al mating type isolate as gametangia were only ever 
formed upon crossing with both Al isolates (Table 2.7). 
2.4.2.3 Oogonia 
No significant differences were observed in oogonial dimensions between the 
crossings with each AI isolate (i.e. HlO12 and HlO03), so data were grouped and 
analysed together. Differences between oogonial diameters were significant between 
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isolates (p < 0.001) (Table 2.7) and between origins (p = 0.012). Isolates from the 
ONP produced oogonia with significantly smaller oogonial diameters (p < 0.010) 
than isolates from other regions sampled (Table 2.8). Oogonia produced by isolate 
DU017 had the greatest oogonial diameters, while the smallest oogonia were 
produced by isolate DU039 from the ONP (Table 2.9). 
2.4.2.4 Paragyny 
All isolates displayed paragynal associations following crossing with the Al isolates. 
Paragyny was observed in less than 3% of gametangial associations (Table 2.7). 
There was no difference (p > 0.05) in the proportion of paragynous developments 
when the alternate Al isolates (i.e. H1003 and H1012) were used and data from the 
two crossings were analysed together. Where present, oogonia were observed to 
have one or more paragynous antheridia (Figure 2.6). Differences in the proportion 
of paragynal associations were significant (p = 0.015) between the ONP isolates, and 
isolates from the other three origins (Table 2.8). The greatest number of paragynal 
associations were observed in isolate DU007, while isolate DU029 had the least 
number of paragynal associations (Table 2.9). 
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Figure 2.4 Variability in colony morphology observed in Phytophthora cinnamomi 
isolates grown on PDA at 24°e, in the dark for 5 days. Rosaceous colonies, a. DU003, 
b. DU006, c. DU009, and d. DU027, petaloid colonies e. DUOOI, f. DUOll, g. DU021, 
and h. DU037, and undefined colony morphology, i. DU008, j. DU013, k. DUOI9, 1. 
DU032. 
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Figure 2.5 Variation in sporangial morphology observed in Phytophthora 
cinnamomi isolates from Anglesea, Victoria. a. obovoid. Scale bar = 20 J.lm; h. 
limoniform. Scale bar = 15 J.lm; c. pyriform clavate. Scale bar = 20 J.lm; d . ellipsoid. 
Scale bar = 20 J.lm; e. limoniform. Scale bar = 20 J.lm; f. limoniform. Scale bar = 25 
J.lm; g. globose. Scale bar = 35 J.lm; h. ellipsoid. Scale bar = 15 J.lm; i. limoniform. 
Scale bar = 20 J.lm; j. ellipsoid-ovoid. Scale bar = 30 J.lm; k. ellipsoid-ovoid. Scale 
bar = 20 J.lm; I. ellipsoid. Scale bar = 15 J.lm. 
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e 
- f 
Figure 2.6 Gametangial associations observed in Phytophthora cinnamomi isolate 
DU008 following crosses with Al isolate HI012. a . Oogonium with amphigynous 
antheridium typical of P. cinnamomi. Scale bar = 5 J.lm; h. Oogonium with 
paragynous antheridium. Scale bar = l0J.lm; c. Oogonium with paragynous 
antheridia. Bar represents 15 j.lffi; d. Paragynal association between oogonium and 
antheridia. Scale bar = 10 J.lm; e. Mature oospore of P. cinnamomi with an 
amphigynous antheridium; f. Paragynous antheridia on mature oospore. 
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Table 2.4. Macro-morphological phenotypes of Phytophthora cinnamomi 
isolates from Victoria, Australia. Data is presented for growth rate on clarified 10 
percent clarifiedVS agar (10% CVS), potato dextrose agar (PDA) and cornmeal agar 
(CMA) at 24°C, growth rate on 10% CVS at 15°C, and the colony morphology of 
isolates on PDA at 24°C. Data represents the mean value ± standard error of the 
mean (SEM). 
Growth on CMA mm.d-1 Colony 
Isolate 10% cVS at 10% cVS at PDAat CMAat Pattemt 
DU001 1.2 ± 0.05 1.7 ± 0.2 0.7 ±O.O 6.S ± 0.1 P 
DU002 1.3 ± 0.0 1.6 ± 0.2 0.75± 0.05 7.6 ± 1.1 R 
DU003 1.2 ± 0.0 1.5 ± 0.2 O.S ± 0.0 S.O ± 2.4 R 
DU004 1.3 ± 0.00 1.5 ± 0.2 O.S ±O.O 13.0 ± 0.7 R 
DU005 1.3 ± 0.05 1.5 ± 0.2 O.S ±O.O 9.9 ± 1.4 R 
DU006 1.3 ± 0.0 1.5 ± 0.2 O.S ± 0.00 9.1 ± 3.1 R 
DU007 1.4 ± 0.0 1.6 ± 0.2 0.6 ± 0.00 10.2 ± 1.2 R 
DUOOS 1.2 ± 0.00 1.5 ± 0.2 0.7 ± 0.00 9.3 ± 0.2 U 
DU009 1.3 ± 0.05 1.5 ± 0.2 O.S ± 0.00 9.75 ± 1.5 R 
DU010 1.2 ± 0.0 1.5 ± 0.2 0.7 ± 0.00 7.75 ±2.9 P 
DUO 11 1.3 ± 0.0 1.6 ± 0.2 0.75 ± 0.05 10.1 ± I.S P 
DU012 1.3 ± 0.0 1.6 ± 0.2 0.75 ± 0.05 13.1 ± I.S P 
DUO 13 1.2 ± 0.0 1.5 ± 0.2 0.6 ± 0.00 9.5 ± 0.3 U 
DU014 1.2 ± 0.0 1.4 ± 0.2 0.7 ± 0.00 10.7 ± 0.5 P 
DU015 1.2 ± 0.0 1.4 ± 0.2 0.75 ± 0.05 10.0 ± 0.4 P 
DU016 1.3 ± 0.05 1.5 ± 0.2 O.S ±O.O 7.5 ± 2.4 R 
DUOl? 0.7 ±O.O 1.5 ± 0.2 0.6 ± 0.05 11.2± 1.7 U 
DU01S 1.2 ± 0.05 1.4 ± 0.2 1.0 ± 0.00 7.2± 0.1 R 
DU019 1.1 ± 0.0 1.6 ± 0.2 0.7 ± 0.00 9.9 ± 0.4 U 
DU020 1.2 ± 0.0 1.6 ± 0.2 0.75 ± 0.05 S.O± 0.2 P 
DU021 1.1 ± 0.0 1.5 ± 0.2 0.65 ± 0.05 7.4 ± 0.9 P 
DU022 1.2 ± 0.0 1.5 ± 0.2 0.75 ± 0.05 S.O± 0.2 P 
DU023 1.4 ± 0.0 1.7 ± 0.3 0.6 ± 0.00 7.3 ± 0.05 R 
Chapter 2: Morphological variation in P. cinnamomi from southern Victoria, Australia 82 
Growth on CMA mm.d- I Colony 
Isolate 10% cV8 at 10% cV8 at PDAat CMAat Pattemt 
DU024 1.3 ± 0.0 1.6 ± 0.2 0.75 ± 0.05 8.5 ± 0.8 R 
DU025 1.3 ± 0.0 1.6 ± 0.2 0.7 ± 0.00 8.7 ± 0.9 P 
DU026 1.3 ± 0.0 1.5 ± 0.3 0.9 ± 0.00 9.9 ± 0.05 R 
DU027 1.3 ± 0.0 1.6 ± 0.2 0.7 ± 0.00 10.9 ± 1.8 R 
DU028 1.4 ± 0.0 1.6 ± 0.3 0.95 ± 0.05 8.5 ± 0.05 R 
DU029 1.3 ± 0.05 1.5 ± 0.2 0.8 ± 0.00 8.1 ± 0.3 R 
DU030 1.3 ± 0.05 1.6 ± 0.2 0.9 ± 0.00 8.7 ± 0.7 R 
DU031 1.2 ± 0.0 1.5 ± 0.3 0.9 ± 0.00 8.7 ± 0.8 R 
DU032 1.2 ± 0.1 1.6 ± 0.3 0.7 ± 0.00 7.0± 0.9 U 
DU033 1.3 ± 0.05 1.5 ± 0.3 0.75 ± 0.05 9.8 ± 0.6 R 
DU034 1.2 ± 0.05 1.6 ± 0.2 0.55 ±0.05 7.0 ± 0.5 P 
DU035 1.3 ± 0.0 1.4 ± 0.2 0.55 ± 0.05 0.4 ± 0.3 P 
DU036 1.3 ± 0.0 1.4 ± 0.2 0.8 ± 0.00 6.7± 0.5 R 
DU037 1.3 ± 0.0 1.3 ± 0.2 0.7 ± 0.00 6.1 ± 0.3 P 
DU038 1.2 ± 0.0 1.6 ± 0.2 0.8 ±O.O 7.8 ± 1.0 P 
DU039 1.3 ± 0.05 1.2 ± 0.2 0.7 ±O.O 7.8 ± 0.4 P 
DU041 1.3 ± 0.0 1.4 ± 0.3 0.65 ± 0.1 7.0 ± 0.1 P 
DU042 1.2 ± 0.0 1.1 ± 0.2 0.55 ± 0.1 5.5 ± 0.4 P 
CFIT47 13.0 ± 0.6 17.4± 0.5 7.1 ± 0.2 11.9 ± 0.5 R 
CFIT89.2 12.2 ± 0.0 18.7 ± 0.4 8.0 ± 0.3 12.0 ± 0.2 P 
CFIT89.3 12.8 ± 0.1 19.5 ± 0.3 8.3 ± 0.2 12.1 ± 0.0 R 
CFIT89.4 12.2 ± 0.2 18.3 ± 0.7 7.7 ± 0.3 12.2 ± 0.4 R 
CFIT91 12.9 ± 0.4 18.5 ± 0.8 6.4 ± 0.0 14.9 ± 2.7 P 
t P - petaloid colony pattern 
t R - rosaceous colony pattern 
t U- undefined colony pattern 
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Table 2.5. Macro-morphological phenotypes of Phytophthora cinnamomi 
isolates from Victoria categorised by isolate origin as per Tables 2.1, 2.2 and 2.3. 
Data presented represent the mean values for growth rates (mm.d-1) at 24°C on corn 
meal agar (CMA), potato dextrose agar (PDA) and 10 percent clarified VS agar (10% 
CVS) at 24°C, the growth rate on 10% CVS at ISoC, and the colony morphology on 
PDA at 24°C. Row values followed by the same letter are not significantly different 
(p = O.OS). 
Phenotype 
Growth rate (mm.d-1) 
(mean ± SEM) 
10% CVS at ISoC 
10% CVS at 24°C 
PDA at 24°C 
CMAat24°C 
Colony morphology on 
PDA at 24°C (%) 
Undefined pattern 
Rosaceous 
Petaloid 
Anglesea BRNP a WPNP b ONp C 
(n = 29) (n = 4) (n=4) (n = 7) 
12.1 ± 0.24a 12.9 ± 0.31a 12.4 ± 0.26a 12.S ± O.12a 
IS.2 ± 0.33a 16.1 ± 0.74a 15.1 ± 0.9Sa 16.7 ± O.74a 
7.3 ± 0.16a 7.2 ± 0.26a 6.S ± 0.S3a 7.1 ± 0.32a 
S.6 ± O.3a 9.7 ± O.Sa 9.1 ± O.3a 7.4 ± 0.3a 
9.7a 
S1.6a 
3S.7a 
2S.0b 
7S.0b 
O.OOb 
2S.0b 
2S.0bc 
SO.Oc 
O.Oc 
14.3bd 
3S.7a 
a BRNP = Brisbane Ranges National Park 
b WPNP = Wilson's Promontory National Park 
c ONP = Otway National Park 
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Table 2.6. Ranked growth rates (initially measured as mm.d-1) of Phytophthora 
cinnamomi isolates on clarified 10 percent V8 agar (10% CV8), potato dextrose agar 
(PDA) and cornmeal agar (CMA) grown at 24°C in the dark, and 10% CV8 at 15°C 
in the dark. Growth rates of isolates are ranked from slowest to fastest based on 
mean values. 
Isolate 10% CV8, 15°C 10% CV8, 24°C PDA,24°C CMA,24°C 
Anglesea 
DUOOI 4 42 21 4 
DU002 26 24 12 
DU003 7 10 37 15 
DU004 27 11 38 45 
DU005 19 16 34 30 
DU006 28 17 42 25 
DUO 10 9 20 17 24 
DUO 11 29 32 27 34 
DU012 30 30 23 46 
DU014 11 7 15 33 
DU015 12 8 43 37 
DU016 21 12 39 11 
DU017 2 22 14 39 
DU018 5 9 2 8 
DU019 3 31 22 31 
DU020 13 28 28 16 
DU021 1 23 11 10 
DU022 14 13 29 17 
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Isolate 10% CV8, 15°C 10% CV8, 24°C PDA,24°C CMA,24°C 
DU023 41 41 8 9 
DU024 31 34 25 20 
DU025 32 38 18 22 
DU027 34 37 13 38 
DU028 42 27 47 19 
DU029 22 25 31 36 
DU030 23 36 46 23 
DU031 15 24 45 21 
DU032 16 26 19 5 
DU033 24 14 33 29 
DU036 36 6 6 3 
DU037 37 3 7 2 
DU042 18 1 3 1 
BRNp a 
DU007 39 39 9 35 
DU008 8 18 26 26 
DU009 20 19 36 28 
CFIT47 ND 45 12 41 
WPNP b 
DUO 13 10 21 10 27 
DU026 33 15 44 32 
DU034 6 35 5 6 
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Isolate 10% CV8, 15DC 10% CV8, 24 DC PDA,24DC CMA,24DC 
DU035 35 5 4 18 
ONp c 
DU038 17 33 32 14 
DU039 25 2 16 13 
DU041 38 4 1 7 
CFTT89.2 ND 43 20 42 
CFTT89.3 ND 46 35 43 
CFTT89.4 ND 47 41 44 
CFTT91 ND 44 30 47 
a BRNP = Brisbane Ranges National Park 
b WPNP = Wilson's Promontory National Park 
c ONP = Otway National Park 
ND = not determined 
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Table 2.7. Micro-morphological phenotypes of Phytophthora cinnamomi categorised by isolate. Data represent the mean values ± standard 
error of the mean (SEM) for sporangiallength (/-lm), width (/-lm), length:width ratio, the number of sporangia produced, oogonial diameter (/-lID), 
mating type and percentage of paragynous associations observed. 
Phenotype I Sporangia (mean ± SEM) Gametangia (mean ± SEM) 
Length Width L:Wratio Number Mating type Oogonial Paragynous 
Isolate I diameter associations 
(/-lm ±SEM) (/lm± SEM) (± SEM) (± SEM) (%) (/lm ± SEM) 
DU001 I 108.2 ± 3.0 76.9 ± 2.3 1.5 ± 0.03 19.8 ± 3.7 A2 39.8 ± 0.6 0.6 
DU002 199.6 ± 2.8 65.8 ± 2.0 1.6 ± 0.05 10.6 ± 2.5 A2 40.2 ± 0.5 1.3 
DU003 I 119.1 ± 4.0 76.9 ± 3.2 1.6 ± 0.03 9.8 ± 1.0 A2 40.6 ± 0.4 0.4 
DU004 I 124.9 ± 3.1 83.8 ± 3.1 1.5 ± 0.04 7.0 ± 1.8 A2 40.5 ± 0.5 0.7 
DU005 1112.9 ± 2.9 73.5 ± 1.9 1.6 ± 0.03 9.2 ± 1.8 A2 41.2 ± 0.6 0.8 
DU006 137.4 ± 3.5 86.9 ± 2.7 1.6 ± 0.04 16.4 ± 1.4 A2 40.6 ± 0.4 1.0 
DU007 I 126.8 ± 4.2 79.9 ± 2.9 1.6 ± 0.04 5.8 ± 1.6 A2 37.2 ± 0.8 0.1 
DU008 I 127.3 ± 5.2 87.8 ± 2.9 1.5 ± 0.04 19.6 ± 2.4 A2 41.2 ± 0.6 0.6 
DU009 I 121.9 ± 4.2 75.9 ± 2.7 1.6 ± 0.03 22.0±0.7 A2 41.5 ± 0.5 1.6 
DUO 10 I 119.1 ± 4.2 79.0± 2.9 1.5 ± 0.03 26.2± 3.3 A2 41.8 ± 0.6 0.5 
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Phenotype I Sporangia (mean ± SEM) Gametangia (mean ± SEM) 
Length Width L:W ratio Number Mating type Oogonial Paragynous 
Isolate I diameter associations 
(/-Ull ±SEM) (/lm ± SEM) (± SEM) (± SEM) (%) (/-Ull ± SEM) 
DUO 11 109.4 ± 3.7 76.5 ± 2.5 1.4 ± 0.02 21.4 ± 1.7 A2 40.1 ± 0.6 1.4 
DU012 84.3 ± 3.6 50.7 ± 1.7 1.7 ± 0.06 18.2 ± 2.2 A2 39.1 ± 0.5 1.0 
DUO 13 102.4 ± 4.0 63.2± 2.9 1.6 ± 0.04 12.8 ± 2.4 A2 37.6 ± 0.4 0.7 
DU014 108.5 ± 3.2 68.8 ± 2.7 1.6 ± 0.05 21.8 ± 1.6 A2 41.9 ± 0.8 0.7 
DU015 117.2 ± 3.4 68.5 ± 2.3 1.7 ± 0.04 20.4 ± 1.5 A2 40.0 ± 0.5 0.7 
DU016 118.4 ± 2.2 78.2 ± 1.5 1.5 ±0.02 10.4 ± 1.8 A2 39.9 ± 0.4 2.6 
DU017 104.9 ± 3.1 63.2 ± 2.2 1.7 ± 0.03 7.4 ± 1.9 A2 34.5 ± 0.7 0.3 
DU018 124.7 ± 3.2 65.3 ± 1.9 1.9 ± 0.05 6.4 ± 2.2 A2 35.6 ± 0.4 0.6 
DU019 106.1 ± 1.9 68.0 ± 1.6 1.6 ± 0.03 6.0 ± 1.1 A2 37.0 ± 0.5 1.4 
DU020 114.1 ± 2.9 71.1 ± 1.5 1.6 ±0.03 10.8 ± 1.1 A2 40.0 ± 0.8 1.3 
DU021 87.0 ± 3.5 58.3 ± 2.4 1.5 ± 0.02 14.2 ± 2.3 A2 40.1 ± 0.5 1.6 
DU022 130.7 ± 3.5 77.7 ± 2.2 1.7 ± 0.03 18.8 ± 1.5 A2 39.8 ± 0.4 0.9 
DU023 125.6 ±4.0 74.5 ± 2.8 1.7 ± 0.03 18.6 ± 2.0 A2 40.9 ± 0.5 0.7 
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Phenotype I Sporangia (mean ± SEM) Gametangia (mean ± SEM) 
Length Width L:W ratio Number Mating type Oogonial Paragynous 
Isolate I diameter associations 
(/lm ±SEM) (/lm ± SEM) (± SEM) (± SEM) (%) (/lm ± SEM) 
DU024 I 89.5 ± 3.2 59.8 ± 2.5 1.5 ± 0.04 27.6± 3.3 A2 37.3 ± 0.4 0.7 
DU025 112.4 ± 2.7 70.1 ± 2.1 1.6 ± 0.04 15.0 ± 2.8 A2 39.8 ± 0.5 0.3 
DU026 120.1 ± 4.3 69.4 ± 2.5 1.7 ± 0.04 14.4 ± 3.2 A2 40.2± 0.5 0.9 
DU027 109.7 ± 4.4 70.2 ± 3.1 1.6 ±0.04 10.8 ± 1.3 A2 52.3 ± 0.5 0.4 
DU028 115.4 ± 3.1 69.4 ± 2.1 1.7 ± 0.02 25.6 ± 2.2 A2 40.2± 0.4 0.5 
DU029 109.7 ± 3.4 68.3 ± 2.4 1.6 ± 0.04 32.4 ± 5.6 A2 41.1 ± 0.5 1.8 
DU030 108.3 ± 3.8 69.5 ± 2.8 1.6 ± 0.03 11.4 ± 1.5 A2 42.2 ± 0.5 0.5 
DU031 121.8 ± 4.7 48.1 ± 3.3 1.6 ±0.02 11.6 ± 1.2 A2 39.7 ± 0.5 1.0 
DU032 I 135.5 ± 2.6 75.9 ± 1.7 1.8 ± 0.03 12.6 ± 1.4 A2 38.3 ± 0.4 0.8 
DU033 199.8 ± 3.0 68.3 ± 1.8 1.5 ± 0.03 6.2 ± 1.5 A2 37.8 ± 0.5 0.9 
DU034 I 110.9 ± 2.8 67.3 ± 1.4 1.6 ± 0.04 20.2 ± 1.7 A2 41.1 ± 0.9 0.4 
DU035 127.8 ± 3.4 82.5 ± 2.4 1.6 ± 0.02 15.2 ± 3.1 A2 39.1 ± 0.7 0.8 
DU036 108.8 ± 3.7 58.9 ± 2.0 1.9 ± 0.03 13.4 ± 3.5 A2 38.4 ± 0.5 0.2 
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Phenotype I Sporangia (mean ± SEM) Gametangia (mean ± SEM) 
Length Width L:W ratio Number Mating type Oogonial Paragynous 
Isolate I diameter associations 
(f.!m ±SEM) (f.!m ± SEM) (± SEM) (± SEM) (%) (f.!m ± SEM) 
DU037 I 110.2 ± 3.4 56.2 ± 1.6 2.0 ±0.05 25.2± 2.8 A2 37.1 ± 0.5 1.3 
DU038 I 112.3 ± 3.9 72.8 ± 2.2 1.5 ± 0.04 17.2±1.9 A2 38.2 ± 0.4 1.3 
DU039 I 114.3 ± 3.5 79.1 ± 2.4 1.4 ± 0.02 16.0 ± 1.9 A2 37.0 ± 0.7 2.2 
DU041 I 116.9 ± 4.0 71.6 ± 2.8 1.7 ± 0.03 11.0 ± 2.5 A2 43.2 ± 0.9 0.9 
DU042 198.6 ± 3.9 58.6 ± 2.3 1.7 ± 0.03 21.2±3.1 A2 39.9 ± 0.7 0.9 
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Table 2.8. Micro-morphological phenotypes of Phytophthora cinnamomi isolates 
from Victoria categorised by isolate origin as per Tables 2.1, 2.2 and 2.3. Data 
presented denote the mean values for sporangial length (/lffi), width (/lffi), 
length:width ratio, the number of sporangia produced, oogonial diameter (j.lIIl) and 
percentage of paragynous associations observed. Row values followed by the same 
letter are not significantly different (p = 0.05). 
Anglesea BRNp a WPNp b ONp c 
Phenotype 
(n = 29) (n = 4) (n =4) (n = 8) 
Sporangia (mean ± SEM) 
Sporangiallength (/lm) 96.9 ± 0.6a 109.0 ± 2.3b 100.2 ± 1.7a 99.5 ± 1.9a 
Sporangial width (/lID) 60.5 ± O.4a 70.5 ± 1.5b 61.4 ± 1.1a 64.8 ± 1.3bc 
Length:width ratio 1.64± 0.02a 1.57 ± 0.02b 1.65 ± 0.02a 1.55 ± 0.02b 
Number produced 15.3 ± 0.8a 13.9 ± 2.8a 16.1 ± 1.6a 14.7 ± 1.3a 
Gametangia (mean ± SEM) 
Oogonial diameter (/lm) 39.6 ± O.la 40.0 ±O.4a 40.1 ± O.4a 38.6 ± 0.5b 
Paragynous associations (0/0) 0.87 ± 0.06a 0.75 ± 0.2a 0.72 ± O.la 1.46 ± 0.24b 
a BRNP = Brisbane Ranges National Park 
b WPNP = Wilson's Promontory National Park 
c ONP = Otway National Park 
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Table 2.9. Micro-morphological phenotypes of Phytophthora cinnamomi isolates 
from Victoria ranked from lowest to highest mean values. Data is presented for 
sporangial length (initially measured in J,tm), width (initially measured in J,tm), 
length:width ratio, the number of sporangia produced, oogonial diameter (initially 
measured in J,tm) and percentage of paragynous associations observed. 
No. of 
Isolate 
Sporangial Sporangial Sporangial 
sporangia 
Oogonial Paragynous 
Length Width l:w ratio diameter associations 
produced 
DU001 12 30 1 30 16 11 
DU002 8 11 6 10 25 31 
DU003 29 31 11 8 30 5 
DU004 34 38 13 5 28 14 
DU005 22 24 8 7 34 20 
DU006 42 39 14 23 29 28 
DU007 36 36 15 1 6 1 
DU008 37 41 3 29 35 12 
DU009 32 26 16 36 36 37 
DUO 10 28 34 6 39 37 8 
DUO 11 16 29 1 34 23 35 
DU012 3 1 23 26 14 29 
DUO 13 9 8 18 17 8 15 
DU014 14 16 13 35 38 16 
DU015 5 7 10 32 22 17 
DU016 27 33 5 9 19 41 
DUO 17 10 9 20 6 1 3 
DU018 33 10 26 4 2 13 
DU019 11 13 10 2 5 36 
DU020 23 21 13 11 21 32 
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No. of 
Sporangial Sporangial Sporangial 
sporangia 
Oogonial Paragynous 
Isolate 
Length Width l:w ratio diameter associations 
produced 
DU021 2 3 5 19 24 38 
DU022 39 28 28 28 12 23 
DU023 35 25 22 27 31 18 
DU024 4 6 7 41 7 19 
DU025 1 42 15 20 18 4 
DU026 30 17 23 22 26 24 
DU027 17 19 12 12 41 6 
DU028 26 20 19 38 27 9 
DU029 18 14 16 42 32 39 
DU030 13 18 11 14 39 10 
DU031 31 32 10 15 15 30 
DU032 41 27 24 16 10 21 
DU033 7 15 4 3 17 25 
DU034 20 12 17 31 33 7 
DU035 38 37 9 21 13 22 
DU036 15 5 25 18 11 2 
DU037 19 2 27 37 4 33 
DU038 21 23 7 24 9 34 
DU039 24 35 2 25 3 40 
DU041 25 22 18 13 42 26 
DU042 6 4 21 33 20 27 
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2.5 DISCUSSION 
Chesters (1968) states: "The morphology of an individual is the expression of its 
growth processes, the final display of all its complex relationships with its normal 
habitat" (Erwin, 1983). This is apparent in the Phytophthora species, where 
variation in morphological characteristics, including gametangia, sporangia and 
growth rate, has been observed (Chee and Newhook, 1974; Gao et ai., 1998; Hiiberli 
et aI., 2001; Linde et aI., 1999b; Shepherd and Forrester, 1977; Shepherd and Pratt, 
1974; Zentmyer et aI., 1976, 1979). In this chapter the occurrence of morphological 
variation among Victorian isolates of P. cinnamomi is demonstrated, both within and 
between populations, in consensus with the morphological plasticity observed in 
other investigations of variation in Phytophthora species (Erwin 1983; Haasis et al., 
1964; Hiiberli et al., 2001; Zentmyer et al., 1976). Such a study has not previously 
been conducted in Victoria. The current study provides valuable information 
regarding the structure of the P. cinnamomi population and the phenotypic variation 
which occurs among isolates. 
2.5.1 Macromorphological phenotype 
Macromorphological characteristics are influenced by temperature (Hiiberli et aI., 
2001; Zentmyer et al., 1976), nutrition (Cameron, 1966), pH (Cameron and Milbrath, 
1965), culture age (Linde et aI., 1999b) and isolation method (Shepherd and 
Forrester, 1977). Consequently, unless standard techniques and conditions are used, 
comparison of morphological characteristics between studies is difficult. 
In culture, P. cinnamomi produces characteristic coralloid mycelium with distinctive 
hyphal nodules and abundant chlamydospores. Typically, P. cinnamomi has been 
described as producing rosaceous colonies on PDA (Zentmyer, 1980). Variation has, 
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however, been demonstrated in previous studies (Hliberli et aI., 2001), and is now 
also shown to be true of Victorian isolates. 
Optimal temperatures for growth of P. cinnamomi lie between 24 and 28°C (Stamps 
et al., 1990). Average radial growth rates of sampled Victorian isolates on 10% CV8 
at 24°C, ranged between 11.3 mm.d-1 (DU042) and 17.0 mm.d-1 (DU001), with a 
mean growth rate of 15.1 mm.d-1• A much lower growth rate (6.25 mm.d-1) was 
observed by Zentmyer et al. (1976) on 20% CV8 medium at 25°C. This difference is 
unusual as a larger inoculum plug (5 mm2 compared with 3 mm2 in this study) was 
used in their experiment, which would provide the pathogen with a greater initial 
inoculum source from which to start growing. However, Zentmyer et al. (1976) also 
state their isolates display slower growth rates relative to those observed in 
Australian isolates by Shepherd and Pratt (1974). Growth rates observed in 
Victorian isolates were similar to those observed by Shepherd and Pratt (1974). 
However, Shepherd and Pratt (1974) used V8 agar rather than CV8. Clarification is 
reported to alter the nutrient and sterol composition of the medium (Englander and 
Turbitt, 1979; Erwin and Ribeiro, 1996). Growth rates on 10% CV8 were slightly 
lower than those observed by Luo et al. (1988) on 20% CV8, at 20°e. 
Growth rates on PDA ranged between 13.3 mm.d-1 and 34.8 mm.d-1 after 72 hours, 
comparable to the range observed by Linde et al. (1999) after three days, under 
similar conditions. Growth rates observed were in accordance with those observed 
by Hliberli et al. (2001) among Australian isolates of P. cinnamomi under similar 
culture conditions. Radial growth rates were less than those observed by Zentmyer 
et ai. (1976). However, Zentmyer et al. (1976) used PDA prepared from fresh 
potatoes, which is likely to be more nutrient rich, therefore, possibly providing more 
optimal conditions for growth of P. cinnamomi. Growth rates on CMA were lower 
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than those observed by Luo et al. (1988) on identical medium, but at lower 
temperatures (20°C compared with 24°C used in this study). Variation in growth 
rates recorded on the various media relative to those observed elsewhere may also be 
attributed to the differences in the isolation technique used (Shepherd and Forrester, 
1977). 
Except on PDA, variation in growth rate was not significant for isolate origin. This 
perhaps suggests that isolates originated from a similar source and that growth rate 
does not provide an evolutionary advantage, and thus has not been selected for over 
time, or alternatively has not been required to evolve overtime. Alternatively, it may 
indicate that isolates were from origins with a similar climate and therefore have 
been selected for similar growth rates (Shepherd and Pratt, 1974; Zentmyer, 1980; 
Zentmyer et al. 1976). The lack of correlation of growth rates between the various 
media emphasises the influence of medium composition, nutrition and environmental 
factors on growth rate of P. cinnamomi. Variation in colony morphology occurred 
among P. cinnamomi isolates and was significantly different for isolate origin. 
While the majority of isolates displayed rosaceous and petaloid colonies, concurring 
with previous studies (ROberli et al., 2001; Zentmyer, 1980), the colony type 
observed was not always consistent for a given isolate i.e. some isolates displayed 
both rosaceous and petaloid colonies, or undefined colony morphology, where no 
pattern was distinguishable, even though the experiment was repeated at similar 
temperatures (i.e. 24°C). In this case the most commonly occurring pattern was 
recorded. Similar to colony types observed in this study, Luo et al. (1988) also 
found colony morphology to be undefined, rosaceous or petaloid in 104 P. 
cinnamomi isolates. Instability of colony morphology was reported by ROberli et al. 
(2001) who observed variation in colony type among isolates following incubation 
under a range of incubation temperatures. The variability in colony morphology 
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demonstrated by P. cinnamomi isolates, even upon replication of the same isolate, 
indicates that this is a relatively unstable characteristic, and care should be taken 
when using it as a trait for identification of P. cinnamomi. Care must be taken when 
comparing growth rates between populations from different origins as the small 
sample sizes from some populations may lead to discrepancies in the results. 
2.5.2 Micromorphological phenotype 
Sporangia arguably form the most important spore stage in the lifecycle of P. 
cinnamomi, providing the potential for immense inoculum production and infection 
of hosts following release of zoospores. The zoospore is an effective infective 
propagule in the lifecycle of P. cinnamomi and the number of sporangia produced 
has important consequences for the disease potential and survival of the pathogen. 
While Byrt and Grant (1979) suggest that sporangial numbers do not necessarily 
provide an accurate representation of the number of zoospores produced, Shea et al. 
(1978) found sporangial formation to coincide with high densities of the pathogen in 
the soil, and increased infection of susceptible hosts. High P. cinnamomi levels in 
the soil coincided with greater recovery of the pathogen from fine roots of B. grandis 
and feeder roots of E. marginata which may indicate greater infection of susceptible 
hosts resulting from increased sporangial, and therefore zoospore, production. Thus, 
the ability of an isolate to produce greater numbers of sporangia provides it with the 
potential to release more zoospores. Variation in sporangial production was 
significantly different among Victorian isolates. No difference was observed in 
sporangial production between isolates from the various Victorian locations sampled. 
Ho and Zentmyer (1977) reported differences in the number of sporangia produced 
between isolates. However, only two isolates were examined, and it is unlikely that 
this provides a true representation of potential variability. Again, comparisons need 
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to be made with caution as sporangial production is influenced by numerous 
environmental factors including light and nutrition (AI-Hedaithy and Tsao, 1979; 
Alizadeh and Tsao, 1985; Byrt and Grant, 1979; Shea et ai., 1978). 
Although it has been suggested that as a result of the commonality of the sporangial 
shapes between various Phytophthora species, this trait should only be used as a 
secondary test for identification of species (Gerrettson-Cornell; 1980), sporangial 
morphology is used as a criterion for diagnosis and identification of P. cinnamomi. 
Sporangial dimensions observed in Victorian P. cinnamomi isolates were within the 
range (45 - 75 J-tm long) described previously (Erwin and Ribeiro, 1996; Stamps et 
ai. 1990; Waterhouse 1963). Both sporangiallengths and widths were significantly 
different at the isolate level and based on isolate origin as significant differences 
were observed between the Anglesea and Brisbane Ranges National Park isolates 
(Table 2.8). These results differ with those of Hiiberli et ai. (2001) who concluded 
that sporangial morphology was relatively stable among P. cinnamomi isolates in 
Western Australia, even though they did report differences in sporangial l:w ratios 
between sub-populations. Differences observed in sporangial morphology may be 
due to variation in experimental conditions including aeration (Marks and Tippett, 
1978), temperature (Byrt and Grant, 1979) or nutrient availability (Chen and 
Zentmyer, 1970) in the flasks on the shaker during incubation (Alizadeh and Tsao, 
1985). Furthermore, results based on origin may be less representative of the 
population as a result of the small sample sizes from some locations, and larger 
sampling is recommended. 
Oospores, produced sexually by P. cinnamomi following fusion of an antheridium 
and an oogonium of opposite mating types, provide the pathogen with a mechanism 
for long-term survival and a basis for generation of genetic variation (Elliot, 1983; 
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Mircetich and Zentmyer, 1967; Zentmyer et al., 1979). The A2 mating type is more 
common in Australia (Pratt et al., 1972), and no Al mating types were found to occur 
in the isolates sampled from Victorian populations. This is advantageous when 
considering disease management protocols as it indicates the populations are likely to 
remain genetically stable over time and there is less potential for the pathogen to 
evolve and, for example, overcome host resistance or develop tolerance to 
fungicides. In addition, the introduction of the second mating type would also 
increase the production of oospores which may remain dormant as resistant 
structures in the soil and plant material, thus promoting long term survival of the 
pathogen in the area (Zentmyer et al., 1979). 
While the key of Stamps et al. (1990) does not necessitate the use of oospore 
morphology for identification of P. cinnamomi, oospores are an important survival 
mechanism for P. cinnamomi thus warranting investigation of variation in oospore 
morphology. Although it is rare for both mating types of P. cinnamomi to occur 
together in nature in Australia, oospores have also been shown to form in the absence 
of the compatible mating type (Brasier, 1971, 1975; Chang et al., 1974; Erwin and 
Ribeiro, 1996; Zentmyer, 1952). Brasier (1992) suggests that selective selfing of a 
mating type could lead to evolution in the species. 
Factors affecting sexual reproduction include temperature (Zentmyer et al., 1979), 
culture age (Chee and Newhook, 1965), oxygen concentration (Mitchell and 
Zentmyer, 1971), nutrition (Mircetich and Zentmyer, 1966; Savage et al., 1968; 
Zentmyer et al., 1979), light and the presence of sterols (Chang et al., 1974; Elliot, 
1983). Zentmyer et al. (1979) found temperature had a significant effect on the size 
of sexual structures, but did not affect the rate of development and abundance, while 
nutrition, based on different media composition, influenced both the size and 
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abundance of sexual structures. This once again highlights the importance of 
standardised techniques for morphological studies. While variation in oogonial 
diameter was significantly different between Victorian isolates, the dimensions 
observed were within the ranges described in earlier studies under similar conditions 
(Zentmyer et al., 1979). It is therefore concluded that oogonial diameter is a 
relatively stable characteristic, in accordance with Htiberli et al. (2001). 
Although, P. cinnamomi is categorised in Group IV of the Phytophthora key (Stamps 
et al., 1990; Waterhouse, 1963) and is typically considered to form amphigynous 
antheridia during sexual reproduction, paragynal associations have been observed 
here, confirming earlier reports (Htiberli et al., 1997). The function of amphigyny 
and the benefit of possessing both amphigynous and paragynous antheridia are 
unknown. Brasier (1983) suggests that amphigyny is involved in maintaining 
heterothallism. It has been proposed that paragynous antheridia are a primitive 
characteristic, and the more evolutionarily advanced Phytophthora species develop 
amphigynal associations (Brasier, 1983). Based on this theory, P. cinnamomi 
isolates from Western Australia (Htiberli et al., 2001), displaying more paragynal 
associations than isolates from Victoria, may be evolutionarily inferior. 
Htiberli et al. (2001) suggested that paragyny is widespread in P. cinnamomi. 
Although paragynal associations were observed in all isolates in this study, they 
occurred in less than three per cent of oogonial-antheridial interactions. This is much 
lower than the proportion of paragyny observed by Htiberli et al. (2001), suggesting 
variability in the incidence of paragyny within the species P. cinnamomi, as has been 
demonstrated in other species (Gao et aI., 1998; Savage et al., 1968). Instead, 
paragynal associations may be influenced by environmental or physical factors. Gao 
et al. (1998) found antheridial configuration in P. boehmeriae to be markedly 
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influenced by the nutrient constitution and concentration of culture media. This is 
consistent with the different media used in this study, relative to that used by Hiiberli 
et al. (1997) (10% CV8 agar compared with V8 agar). However, Gao et al. (1998) 
state that paragynous antheridia are favoured by low nutrient concentrations, 
conflicting with observations of Hiiberli et al. (1997, 2001) who noted greater 
proportions of paragynal associations on V8 agar, relative to those observed here on 
10% CV8 agar. The variation in observations may be attributed to changes in 
nutrient availability and sterol concentration in the clarified medium (Erwin and 
Ribeiro, 1996). 
Antheridial configuration is an important characteristic for identification of the 
Phytophthora species and the occurrence of paragyny in P. cinnamomi warrants 
further investigation, followed by possible amendment of the keys used for 
identification of Phytophthora species, particularly if morphological keys are to be 
used in the future in conjunction with molecular tools now being used for species 
identification. 
Variation in morphological characteristics was observed among P. cinnamomi 
isolates from Victoria. Growth rates and oogonial dimensions were not significantly 
different between origins, suggesting that the pathogen is likely to have been 
introduced from the same original source, or that it has spread from the original point 
of introduction, rather than having been introduced through multiple sources. 
Conversely sporangial characteristics were significantly different between some 
populations. Differences observed may be the result of environmental or 
experimental variables as described previously. Variation in phenotype poses 
important considerations for disease management. Where the level of variation is 
high, there is the potential for the pathogen to evolve and adapt to their environment 
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as selection pressure creates a situation where the pathogen is forced to change to 
survive. 
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CHAPTER 3. PATHOGENICITY OF PHYTOPHTHORA 
CINNAMOMI IN SOUTHERN VICTORIA, AUSTRALIA 
3.1 ABSTRACT 
Understanding the pathogenic variation in a pathogen population is fundamental for 
the development and implementation of management strategies for disease control. 
This study examined pathogenic variability among P. cinnamomi from Victoria and 
Western Australia based on the ability of isolates to induce lesion formation in E. 
sieberi seedlings. Two experimental protocols were used to assess pathogenicity of 
isolates. In the first, four-week old seedlings were root inoculated using a zoospore 
suspension, and lesion development measured 48 hours following inoculation. The 
second involved stem-inoculation of four-month-old E. sieberi seedlings with 
mycelial plugs. Lesion development was measured 14 days post-inoculation. This 
study has demonstrated pathogenic variation among P. cinnamomi isolates at 
Anglesea, Victoria. Pathogenicity was also significantly different between Victorian 
populations, but not between the Victorian and W A populations. When plants of the 
same physiological status were inoculated and maintained under similar 
environmental conditions, there was a correlation between the root inoculation and 
stem inoculation techniques. Both colonisation of host tissue and growth rate on 
com meal agar were not correlated with lesion length. This is the first study to 
investigate pathogenic variation in the P. cinnamomi population at Anglesea and it 
contributes valuable information for development of disease management strategies 
for the Anglesea heathlands in southern Victoria. 
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3.2 INTRODUCTION 
Since its discovery in 1922 (Rands, 1922) Phytophthora cinnamomi has spread 
throughout tropical and temperate zones, infecting a diverse range of plant species, to 
become one of the most destructive soilborne pathogens known to man. In Australia 
the Oomycete has had a significant impact on native vegetation, infecting and killing 
susceptible plant species and consequently disrupting the balance of native 
ecosystems (Irwin et aI., 1995; Podger, 1972, 1989; Weste, 1991, 1987). While it is 
understood that P. cinnamomi is able to infect a large range of plant species, our 
knowledge of the interspecific variation in pathogenicity is still limited. An 
understanding of pathogenic variability is imperative for development of strategies 
for disease management. 
Pathogenic variability can be expressed as host range, host specificity, physiologic 
races and or different degrees of virulence or aggressiveness (Shaner et aI., 1992). 
Pathogenicity, or the capacity of a pathogen to cause disease, incorporates two 
components: virulence, or aggressiveness, and parasitic fitness (Agrios, 1988; Shaner 
et aI., 1992). Virulence is measured as the ability to cause disease, and is defined as 
the genetic ability of a pathogen race to overcome genetically determined host 
resistance. It accounts for variation in a pathogen's ability to parasitise the host. 
Parasitic fitness is influenced by the reproductive fitness and the differences in host 
range of an isolate. The fundamental constituents for the establishment of fungal 
pathogenicity include signalling between the host and the pathogen in the early 
stages of the interaction followed by attachment to the host surface, germination and 
formation of infection structures, host penetration and finally, colonisation of the 
host tissue (Hardham et aI., 1994; Knogge, 1998; Kolattukudy et al., 1995; Schafer, 
1994). 
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Variation in pathogenicity within P. cinnamomi has long been realised (Manning and 
Crossan, 1966a,b; Mehrlich, 1936; Weste, 1975; Zentmyer, 1980). While earlier 
studies proposed the possibility of host-specificity in P. cinnamomi (Manning and 
Crossan, 1966a; Zentmyer, 1980; Zentmyer and Guillemet, 1981) more recent 
studies have demonstrated a lack of host specificity (Podger, 1989) and reported 
variation in pathogenicity within the species (Dudzinski et ai., 1993; Hliberli et ai., 
2001; Linde et ai., 1999b; Robin and Desprez-Loustau, 1998). 
Although roots are the principal plant organs invaded by P. cinnamomi in Australia's 
native vegetation communities, the pathogen can also penetrate the host plant via 
fruit, leaves and periderm (Hardham et ai., 1994; O'Gara et ai., 1996; Shearer and 
Tippet, 1989; Zentmyer, 1980). Consequently, several approaches can be taken to 
investigate pathogenicity including inoculation of the medium in which plants were 
grown (Dudzinski et ai., 1993; Podger, 1989; Robin and Desprez-Loustau, 2001, 
1998), direct root inoculation (Robin and Desprez-Loustau, 1998), stem or trunk 
inoculation (Dixon, 1984; Linde et ai., 1999b; Marks et ai., 1981) and detached stem 
or root inoculation (Hliberli et ai., 2001; Shearer et ai., 1987; Tippett et ai., 1985). 
Dudzinski et ai. (1993) reported significant differences in the pathogenicity of P. 
cinnamomi upon inoculation of clonal individuals of E. marginata Smith. 
Pathogenicity rankings of isolates were consistent upon replication, indicating that 
pathogenicity is a relatively stable characteristic. Differences in pathogenicity were 
unrelated to isozyme type. Podger (1989) similarly found no correlation between 
pathogenicity and isozyme type, isolate origin, or the initial host from which the 
isolate was obtained. More recent studies by Hliberli et ai. (2001) using Australian 
isolates and Robin and Desprez-Loustau (1998) using French isolates also 
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demonstrated intraspecific variation and a lack of host specialisation among P. 
cinnamomi. 
In the current study, P. cinnamomi isolates sourced from Anglesea and other regions 
in Victoria, Australia, were evaluated for variation in pathogenicity toward 
Eucalyptus sieberi L.A.S Johnson. E. sieberi, native to the inland and costal areas of 
Gippsland, Victoria, is moderately susceptible to infection by P. cinnamomi (Marks 
and Smith, 1991). Pathogenicity was examined in seedlings by root inoculation 
using a zoospore suspension, and by stem inoculation with mycelial plugs. The two 
inoculation methods are compared and discussed. An additional trial was conducted 
to determine whether the development of lesions in the root was correlated with 
lesion development following stem inoculation. Pathogenicity of Victorian isolates 
was compared with that observed in West Australian (W A) isolates. The objective 
was to provide information regarding variability in the pathogenic phenotype of P. 
cinnamomi at Anglesea and to compare variation with isolates from other areas of 
Victoria and Australia. 
3.3 MATERIALS AND METHODS 
To minimise loss of virulence as a consequence of continuous culturing (eaten, 
1971; Erwin, 1966) all P. cinnamomi isolates were passaged through E. sieberi 
seedlings as described in section 2.3.3. prior to use in pathogenicity experiments. 
3.3.1 Plant material 
3.3.1.1 Four-week-old E. sieberi seedlings 
E. sieberi seedlings used in the pathogenicity experiments were grown from seed 
(Ellison Horticultural Pty Ltd, Nowra, NSW). Seeds were germinated in vermiculite 
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and maintained at 21°C under a 14: 10 hour light/dark regime until the seedlings were 
four weeks old (Figure 3.1a). 
3.3.1.2 E. sieberi seedlings for stem inoculation 
Seeds were germinated in vermiculite as described in section 3.3.1.1. Approximately 
four weeks after germination, seedlings were transferred to potting mix (Gardner's 
Choice Premium Blend Potting Mix, Kmart Australia Ltd. Victoria, Australia) in 
forestry pots and maintained in the glasshouse until they were four months old. 
Glasshouse temperatures ranged between 13°C and 25°C and humidity ranged 
between 70 and 80%. 
3.3.2 Preparation of inoculum and root inoculation of E. sieberi seedlings 
Roots were inoculated using a zoospore suspension. Zoospores were prepared as 
described in section 2.2.5.1. Plants were removed from the forestry pots and placed 
into petri dishes lined with moist sterile filter paper. A piece of Parafilm® (American 
National Can, Chicago USA) was placed under the root tip to prevent the spore 
suspension from being absorbed by the paper towel. Roots were inoculated by 
placing a 25 III drop of suspension (8 x 103 zoospores.m1-1) onto the root tip. Control 
plants were sham inoculated with 25 III sterile distilled water (SDW). Seedlings 
were placed in the dark for one hour to allow encystment of zoospores. During this 
time the roots were intermittently misted to prevent desiccation. The Parafilm was 
then removed from under the roots and the tubs sealed with plastic film (Cling Wrap. 
Clorox Australia Pty Ltd., Padstow, NSW, Australia) to prevent dehydration. 
Seedlings were incubated at 24°C in the dark for 48 hours. 
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3.3.3 Preparation of inoculum and stem inoculation of E. sieberi seedlings 
Following passage through the E. sieberi seedlings (refer to section 2.3.2) the P. 
cinnamomi isolates were subcultured to fresh com meal agar (CMA) (Appendix A-3) 
and incubated for 5 days at 24°C in the dark. To stem inoculate E. sieberi seedlings, 
double-sided razor blades (Schick, Oderweg 1, Amsterdam, Holland) were used to 
make an incision under the bark between the second and third nodes of the stem in 
the form of a 'V' taking care not to cut into the vascular tissue. An agar plug (2 x 2 
mm) from the actively growing edge of the P. cinnamomi culture was placed into the 
incision with the aerial mycelium facing in toward the stem. The wound was sealed 
with Weatherstrip@ waterproof tape (Cling Adhesive Products Pty Ltd., Victoria, 
Australia) to prevent desiccation. Control plants were inoculated with uninfected 
CMAplugs. 
3.3.4 Correlation of root and shoot inoculation 
Five isolates were selected based on their radial growth rate on CMA at 24°C to 
determine whether a relationship exists between lesion development in roots and 
lesion development in stems of four-month-old E. sieberi. The isolate with the 
fastest growth rate (DU012) and the isolate with the slowest growth rate (DU042) 
and three other isolates (DU017, DU036 and DU035) were used. For each isolate, 
five plants were root inoculated with zoospores and five plants were stem inoculated 
with agar plugs as described in sections 3.3.2 and 3.3.3, respectively. Following 
inoculation, plants were placed in an environment chamber in a randomised block 
design and maintained at 24°C under a 14:10 hour light: dark regime for five days 
after which the lengths of lesions on inoculated roots and shoots were measured. 
Five control plants, stem inoculated with sterile CMA plugs, or root inoculated with 
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SDW, were included for each stem and root inoculation, respectively. The trial was 
repeated once. 
3.3.5 Root inoculation of E. sieberi seedlings in controlled environment 
All isolates listed in Table 2.1 and Table 2.3 were used in the controlled environment 
trial. The level of pathogenicity of the P. cinnamomi isolates in a controlled 
environment was assessed with respect to their ability to form lesions following root 
inoculation of four-week-old E. sieberi seedlings. 
Five four-week-old seedlings were carefully transferred to petri dishes containing 
sterile filter paper moistened with SDW (Figure 3.1 b). Plant heights were not 
significantly different (p < 0.05) between isolates. Seedlings were root-inoculated 
using a zoospore suspension as described in section 3.3.2 (Figure 3.1c). Control 
plants were inoculated with SDW. Twenty seedlings were inoculated per isolate. 
Following inoculation seedlings were placed in the dark for one hour to allow for 
encystment of zoospores after which the Parafilm was removed from under the roots. 
The petri dishes, arranged in a randomised block design, were placed at a 45° angle 
with the roots pointing downward in a controlled environment chamber at 24°C in 
the dark. Lesion length was measured to the nearest mm using callipers 24 and 48 
hours following inoculation. The experiment was repeated twice. Seedling length 
was also measured to ensure plants used for each isolate did not differ significantly. 
3.3.5.1 Colonisation of E. sieberi seedlings in glasshouse 
After 48 hours, inoculated seedlings were surface sterilised in 70% ethanol, cut into 2 
nun sections from the root tip upward and plated onto selective PARPH agar. Plates 
were incubated at 24°C for 2 days then examined microscopically to confirm the 
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presence of P. cinnamomi. Colonisation was determined by recording the growth of 
P. cinnamomi in the medium from the successive root sections. 
3.3.6 Stem inoculation of E. sieberi seedlings 
Twenty-five isolates were selected for use in the stem inoculation pathogenicity trial, 
based on geographic origin, with the majority of isolates sourced from the Anglesea 
area (Table 3.1). Additional isolate details are presented in Tables 2.1 and 2.3. The 
level of pathogenicity of the selected isolates was assessed based on their ability to 
induce lesions upon stem inoculation of four-month-old E. sieberi seedlings. 
Inoculum production and stem inoculation of E. sieberi seedlings was carried out as 
described in section 3.3.3 (Figure 3.1d). Ten seedlings were inoculated per isolate. 
Seedlings were not significantly different in height (p < 0.05). The trial was 
conducted in a randomised block design in the glasshouse. Throughout the 
experiment temperatures ranged from 13 to 25°C and humidity was between 75 and 
85%. Plants were top-irrigated with a humidity controlled overhead sprinkler 
system. 
Lesion length was measured above the point of inoculation seven and 14 days post-
inoculation using callipers. After 14 days the experiment was terminated. Stems 
were detached, surface sterilised in 70% ethanol, rinsed three times in SDW, cut into 
2 mm sections and plated onto selective PARPH medium to confirm the presence of 
P. cinnamomi. Plates were incubated in the dark at 24°C for two days then examined 
microscopically to confirm the presence of P. cinnamomi. The experiment was 
repeated twice. 
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Figure 3.1. Eucalyptus sieberi seedlings used in pathogenicity experiments. a. 
Seedlings of E. sieberi in venniculite approximately three weeks after gennination; 
b. Four-week old E. sieberi seedlings in petri dishes prior to root inoculation. Note 
Parafilm underneath roots ready for zoospore inoculation. Scale bar = 2 cm; c. Root 
inoculation of E. sieberi seedlings using P. cinnamomi zoospore suspension; d . 
Waterproof tape covers the wound (arrow) following stem inoculation of E. siebert 
seedlings with mycelial plugs. Scale bar = 5cm; e. Lesion development in stem of E. 
siebert seven days post-inoculation with Phytophthora cinnamomt. Arrow indicates 
end of lesion. Scale bar = 1 cm. 
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Table 3.1 Origin of Phytophthora cinnamomi isolates used III glasshouse 
pathogenicity trials. 
Anglesea 
DUOOl 
DUOO2 
DUOO5 
DUO 10 
DUOl2 
DUOl6 
DUOl7 
DUOl8 
DU02l 
DU023 
DU025 
DU027 
DU03l 
BRNpa 
DUOO7 
DUOO8 
DUO 13 
DU026 
a BRNP = Brisbane Ranges National Park 
bwpNP = Wilson's Promontory National Park 
c ONP = Otway National Park 
DU039 
DU04l 
DU042 
WA 94-48 
WA 94-33 
WA 94-26B 
WAl27 
WA119 
d WA = Western Australia; These isolates were provided by Dr. G. Hardy, Murdoch 
University, W A. 
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3.3.7 Correlation of growth rate on CMA and pathogenicity 
To detennine whether a relationship- exists between growth rate and lesion 
development, growth rates of P. cinnamomi isolates were detennined on CMA. 
Isolates were subcultured onto CMA and incubated at 24°C, in the dark for three 
days. Agar plugs (3 mm x 3 mm) were taken from the edge of the colony and 
transferred to fresh CMA medium to minimise the effect of the nutrient medium on 
growth rate. Three plates each containing 20 ml of medium were used for each 
isolate. Plates were sealed with Parafilm and incubated at 24°C in the dark for five 
days. Colony diameter was measured in two directions, perpendicular to one 
another, through the centre of the inoculum disc daily for five days. The experiment 
was repeated twice. Average daily radial growth rate (mm.d-1) of each isolate was 
calculated by taking the average of the difference in colony diameters . between day 
five and day one and subtracting the diameter of the inoculum plug (refer to section 
2.3.4.1). 
3.3.8 Data analysis 
Data was examined for assumptions of homoscedasticity, outliers and nonnality. 
Transfonnations were perfonned where required for use of parametric tests (Dytham, 
1999; Fowler and Cohen, 1990). The arcsine square root transfonnation was 
perfonned on proportion data. One-way ANOV As and the Least Significant 
Difference (LSD) test (p = 0.05) were used to test for significant effects and 
interactions. Rank correlations were investigated using the Speannan Rank test, or 
the Pearson test. To ensure there were no significant differences, plant height was 
also analysed for statistical differences. Analyses were perfonned using SPSS® Base 
10.0 statistics software (SPSS Inc. Headquarters. Illinois, USA). 
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3.4 RESULTS 
3.4.1 Correlation between stern and root inoculations 
Under controlled environmental conditions significant differences (p < 0.05) were 
observed among isolates in their ability to induce lesion development following both 
root and stem inoculation of E. sieberi seedlings (Figure 3.2; Table 3.2). 
Development of lesions in roots 48 hours post-inoculation was well correlated with 
development of lesions in stems 7 days after inoculation (p = 0.039, r = 0.416). 
3.4.2 Development of lesions following root inoculation of E. sieberi seedlings 
with zoospores of P. cinnamomi 
All isolates gave rise to lesions in E. sieberi roots following zoospore inoculation. 
Where lesions developed, P. cinnamomi was always recovered from the inoculated 
plants. P. cinnamomi was not isolated from seedlings in which no lesions were 
formed. No lesions developed in control plants and P. cinnamomi was not isolated 
from these seedlings. Lesion length under controlled environmental conditions was 
significantly different (p = 0.004) between isolates 48 hours after inoculation (Table 
3.3). The average lesion length was 16.3 mm 48 hours post inoculation. The 
shortest lesion developed in seedlings inoculated with isolate DU018, while the 
longest lesion developed in seedlings inoculated with DU007 (Figure 3.3; Table 3.4). 
Based on isolate origin, isolates from the BRNP and the ONP were significantly (p < 
0.038) more aggressive than those from Anglesea (Table 3.5). Lesion development 
in E. sieberi seedlings was not significantly different between Victorian and W A 
isolates (p = 0.969). 
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Figure 3.2. Lesion development in four-month-old Eucalyptus sieberi seedlings 
following stem inoculation and root inoculation with Phytophthora cinnamomi 
mycelium plugs and zoospores, respectively, after seven days at 21°C. Error bars 
represent standard deviation from the mean, 
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Table 3.2 Details of lesion development following stem inoculation of four-month-
old Eucalyptus sieberi seedlings and root inoculation of four-week-old E. sieberi 
seedlings with Phytophthora cinnamomi at 21°C. Root lesion data represents mean 
lesion length (mm) for each isolate 48 hours after inoculation with zoospores. Stem 
lesion data represents mean lesion length (mm) for each isolate seven days following 
stem inoculation with mycelial plugs. Column values followed by the same letter are 
not significantly different (p = O.OS). Rank columns represent the rank of an isolate 
in the order from smallest lesion length to greatest lesion length. 
Isolate 
DU017 
DU036 
DU035 
DU042 
DU012 
Root lesion length 
(mm) 
mean±SEM 
21.6 ± 1.94b 
30.6 ± 4.S0ba 
33.6 ± 2.92a 
3S.8 ± 2.9Sa 
41.6 ± 4.34a 
Stem lesion length 
Rank (mm) 
mean±SEM 
I 14.0 ± 1. 16ac 
2 18.8 ± 2.08a 
3 19.2 ± 2.39a 
4 34.0 ± 2.24bd 
5 2S.8 ± 1.12b 
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3.4.3 Colonisation of E. sieberi following root inoculation with zoospores of P. 
cinnamomi 
In addition to visible lesion length, colonisation of roots was examined using root 
pieces plated onto CMA. The average extent of colonisation of roots 48 hours after 
inoculation was 21.4 mrn (Table 3.3). No significant difference (p = 0.792) was 
observed between isolates in colonisation of the host tissue. Isolate DU013 
colonised E. sieberi seedlings to the least extent, while DU030 colonised seedlings to 
the greatest extent (Figure 3.4; Table 3.4). When colonisation was considered as a 
proportion of plant height, differences between isolates were also not significantly 
different (p = 0.079). Isolates from Anglesea and the ONP colonised significantly 
greater lengths of root than isolates from WPNP (p < 0.022) (Table 3.5). No 
significant difference (p = 0.912) in colonisation was observed between isolates from 
W A and Victoria. Correlation between lesion length and colonisation of the seedling 
following zoospore inoculation was low (p = 0.361, r = 0.102). 
3.4.4 Stem inoculation of E. sieberi seedlings 
All isolates caused lesions to form in inoculated stems and P. cinnamomi was 
reisolated from all inoculated plants in which lesions developed (Figure 3.1e). No 
positive isolations were made from inoculated plants in which lesions did not 
develop suggesting the inoculation was not successful in these plants. Lesions did 
not develop in control plants and P. cinnamomi was not isolated from these plants. 
The average lesion length was 36.5 mrn after 14 days. Isolate DU002 yielded the 
longest lesion, while isolate DU017 resulted in the shortest lesion development 
(Figure 3.5; Table 3.4). 
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Lesion development following stem inoculation of E. sieberi seedlings was 
significantly different between isolate DU002 and WA94-26B (p = 0.042), DU017 
and DU005 (p = 0.02), DUOlO (p = 0.028), DU012 (p = 0.046) and DU039 (p = 
0.028), isolate DU005 and W A94-33 (p = 0.045) and isolate DUOO2 and DU023 (p = 
0.048). Based on isolate origin, differences were significant between the ONP and 
W A isolates (p = 0.039), but not between Victorian and W A isolates (p = 0.058) 
(Table 3.5). 
3.4.5 Correlation between glasshouse and controlled environment conditions 
Correlation between lesion development in stem-inoculated E. sieberi seedlings in 
the glasshouse, and root-inoculated seedlings under controlled environment 
conditions was low (p = 0.673, r = 0.061). 
3.4.6 Correlation between growth rate and pathogenicity 
Growth rate on CMA at 24°C was poorly correlated with both lesion development (p 
= 0.800, r = 0.02) and colonisation (p = 0.135, r = 0.167) in root inoculated E. sieberi 
seedlings. Correlation between lesion development and colonisation was also low (p 
= 0.361, r = 0.102). 
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Table 3.3 Pathogenicity and growth rate of Phytophthora cinnamomi in Eucalyptus 
sieberi seedlings. Data represent mean values of growth rate on CMA at 24°C, 
lesion development in stems of four-month-old E. sieberi under glasshouse 
conditions, lesion development in roots of four-week-old E. sieberi seedlings at 
24°C, and colonisation of four-week-old E. sieberi seedlings at 24°C. Stem lesions 
were measured 14 days after inoculation with mycelial plugs, while root lesions were 
measured 48 hours following zoospore inoculation. Colonisation is the extent of 
colonisation of P. cinnamomi in four-week-old E. sieberi seedlings 48 hours 
following zoospore inoculation. Lesion lengths and colonisation are measured in 
mm; growth rate is given in mmd- I . 
Isolate Growth on CMA a Stem lesionb Root lesionc Colonisation d 
(mm.d- I ) (rum) (mm) (rum) 
Anglesea 
DU001 6.8 ± 0.1 35.6 ± 1.7 21.8 ± 1.6 23.9 ± 2.8 
DU002 7.6 ± 1.2 46.6 ± 2.5 14.9 ± 7.4 19.1 ± 1.6 
DU003 8.0 ± 2.4 NDe 16.2 ± 3.7 21.5 ± 0.7 
DU004 13.0 ±0.7 ND 11.1 ± 1.8 22.4 ± 0.2 
DU005 9.9 ± 1.4 46.3 ± 4.4 14.0 ± 8.3 20.2 ± 1.0 
DU006 9.1 ± 1.4 ND 13.4 ± 1.5 18.0 ± 3.6 
DU010 8.8 ± 2.9 44.9 ± 5.4 17.9±1.4 19.7 ± 1.0 
DUO 11 10.1 ± 1.8 ND 14.6 ± 2.2 21.4 ± 5.3 
DU012 13.1 ± 1.8 42.8 ±0.9 16.7 ± 0.1 22.5 ± 0.9 
DU014 10.7 ± 0.5 ND 17.1 ±0.4 20.4 ± 1.2 
DU015 10.0 ± 0.4 ND 17.0 ± 0.1 21.8 ± 0.6 
DU016 7.5 ± 3.4 31.6±7.3 16.9 ± 1.0. 22.0 ±3.8 
DU017 11.2 ± 1.7 23.6 ± 0.4 15.5 ± 4.3 18.8 ±5.6 
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Isolate Growth on CMA a Stem lesionb Root lesionc Colonisationd 
(rnm.d- I ) (rnm) (mm) (rnm) 
DU018 7.2 ± 0.1 39.4 ± 6.1 9.0± 3.2 24.4 ± 4.8 
DU019 9.9 ± 0.4 ND 14.0 ± 0.1 18.8 ± 2.3 
DU020 8.0±0.2 ND l1.0±O.1 22.4 ± 0.4 
DU021 7.4 ± 0.9 35.8 ±4.7 12.4 ± 0.2 21.7 ± 2.4 
DU022 8.0 ±0.2 27.7 ± 6.1 19.1 ± 5.7 24.1 ± 0.7 
DU023 7.3 ± 0.1 ND 24.3 ±5.7 22.2 ± 2.6 
DU024 8.5 ± 0.8 ND 19.8 ± 2.8 19.3 ±0.1 
DU025 8.7 ±0.9 40.6 ±0.6 22.2 ± 5.4 23.0 ± 2.5 
DU027 10.9 ± 1.8 40.7 ± 4.9 15.5 ± 4.8 22.2 ± 2.0 
DU028 8.5 ± 0.1 ND 15.5 ±4.0 20.1 ± 0.5 
DU029 8.1 ± 0.3 ND 17.0 ± 2.6 21.8 ± 3.0 
DU030 8.7 ±0.7 ND 17.7±1.6 26.3 ± 4.7 
DU031 8.7 ±0.8 38.3 ± 8.2 15.2 ± 2.8 24.0 ± 3.2 
DU032 7.0 ±0.9 ND 15.3 ± 0.7 19.3 ± 0.9 
DU033 9.8 ±0.6 ND 12.8 ± 0.8 23.5 ± 2.3 
DU036 6.7 ±0.5 ND 14.0 ± 1.9 19.5 ± 0.7 
DU037 6.1 ± 0.3 ND 15.6 ± 0.2 22.0 ±2.1 
DU042 5.5 ± 0.4 28.2 ± 7.8 15.6 ± 0.8 23.8 ± 1.4 
BRNPf 
DU007 10.2 ± 1.2 35.7 ± 7.6 26.9 ± 10.3 20.7 ±0.5 
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Isolate 
DU008 
DU009 
WPNPg 
DUO 13 
DU026 
DU034 
DU035 
ONPh 
DU038 
DU039 
DU041 
Growth on CMA a 
(mm.d·l ) 
9.3 ±0.2 
9.8 ± 1.5 
9.5 ± 0.3 
9.9 ± 0.1 
7.0 ± 0.5 
8.4 ± 0.3 
7.8 ± 1.0 
7.8 ±O.4 
7.0 ± 0.1 
Stem lesionb 
(mm) 
36.1 ± 4.0 
ND 
37.7±2.1 
37.3 ± 9.5 
ND 
ND 
ND 
44.9 ± 8.7 
41.0 ± 2.4 
Root lesionc 
(mm) 
16.0 ± 1.3 
17.5 ± 2.6 
16.2 ±4.2 
15.0 ± 0.9 
12.9 ± 0.8 
15.9 ± 5.9 
23.3 ± 4.7 
16.8 ± 1.3 
18.8 ± 1.5 
a Growth rates (mm.d- ) of P. cinnamomi on CMA at 24°C. 
Colonisationd 
(mm) 
20.5 ± 0.3 
22.2 ± 3.6 
16.2 ± 2.4 
21.5 ± 3.3 
20.8 ± 3.0 
17.5 ± 1.1 
21.1 ± 0.1 
26.0 ± 0.4 
21.4 ± 0.8 
b Lesion lengths (mm) in stems of four-month-old E. sieberi seedlings 14 days following 
inoculation with P. cinnamomi. Twenty-five isolates were tested. 
C Lesion lengths (mm) roots of E. sieberi seedlings 48 h post inoculation with P. cinnamomi. 
d Colonisation (mm) of E. sieberi by P. cinnamomi 48 h post inoculation. 
e ND = not determined 
f WPNP = Wilson's Promontory National Park 
g BRNP = Brisbane Ranges National Park 
h ONP = Otway National Park 
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Table 3.4 Phytophthora cinnamomi isolate rankings from smallest to largest for 
mean values of growth rate on CMA at 24°C, lesion development in stems of four-
month-old Eucalyptus sieberi under glasshouse conditions, lesion development in 
roots of four-week-old E. sieberi seedlings at 24°C, and colonisation of four-week-
old E. sieberi seedlings at 24°C. 
Isolate Growth on CMA a Stem lesionb Root lesionc Colonisationd 
Anglesea 
DU001 4 9 48 47 
DU002 12 25 14 6 
DU003 17 NDe 28 26 
DU004 41 ND 4 39 
DUOO5 31 24 11 14 
DU009 28 ND 37 36 
DU010 24 ND 41 10 
DUO 11 34 23 13 24 
DU012 42 ND 29 42 
DU014 33 15 35 15 
DU015 37 ND 34 30 
DU016 11 7 32 33 
DU017 39 1 19 4 
DU018 8 17 1 50 
DU019 32 ND 12 5 
DU020 16 ND 3 41 
DU021 10 11 6 29 
DU022 15 ND 44 49 
DU023 9 3 51 38 
DU024 20 ND 47 7 
DU025 21 18 49 43 
DU027 38 19 20 37 
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Isolate Growth on CMA a Stem lesionb Root lesionc Colonisationd 
DU028 19 ND 21 13 
DU029 36 ND 33 32 
DU030 23 ND 39 52 
DU031 22 16 17 48 
DU032 7 ND 18 8 
DU033 29 ND 7 45 
DU036 3 ND 10 9 
DU037 2 ND 23 34 
DU042 1 4 22 46 
WPNP f 
DUO 13 27 21 27 1 
DU026 30 14 15 28 
DU034 6 ND 8 18 
DU035 18 ND 25 2 
BRNPg 
DU007 35 10 52 17 
DU008 26 12 26 16 
DU009 28 ND 37 36 
ONPh 
DU038 14 ND 50 20 
DU039 13 22 31 41 
DU041 5 20 43 25 
WAi 
WA127 ND 5 45 44 
WA119 ND 8 5 35 
WA94-48 ND 6 2 27 
WA94-33 ND 2 46 22 
WA94-26B ND 13 36 11 
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Isolate Growth on CMA a Stem lesionb Root lesionc Colonisationd 
WA94-11 ND 38 19 
WA92 ND 30 21 
WA94-19 ND 42 12 
WA94-17 ND 24 31 
WA94-3 ND 16 23 
a Growth rates (mm.d-I) on CMA at 24°C ranked from slowest to fastest. 
b Lesion lengths (mm) in stems of 4-month-old E. sieberi seedlings 14 days following 
inoculation, ranked from shortest to longest. Only 25 isolates were tested. 
C Lesion lengths (mm) roots of E. sieberi seedlings 48 h post inoculation ranked from shortest 
to longest. 
d Colonisation (mm) of E. sieberi by P. cinnamomi 48 h post inoculation from least to 
greatest. 
e ND = not determined 
f WPNP = Wilson's Promontory National Park 
g BRNP = Brisbane Ranges National Park 
h ONP = Otway National Park 
I W A = Western Australia 
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Table 3.5 Lesion development in stems of four-month-old Eucalyptus sieberi seedlings and in roots of four-week-old E. sieberi seedlings 
following inoculation with Phytophthora cinnamomi isolates from Victoria categorised by isolate origin as per Tables 2.1, 2.2 and 2.3. Stems 
were inoculated with mycelial plugs and roots were inoculated using a zoospore suspension. Data presented represent the mean values for lesion 
lengths (mm) in roots and stems of E. sieberi seedlings under controlled environment and glasshouse conditions, respectively. Row values 
followed by the same letter are not significantly different (p = 0.05). 
Anglesea BRNpa WPNpb ONpc WAd 
Lesion 
(n = 29) (n =4) (n = 4) (n = 8) (n = 10) 
Sterne 37.3 ± 1.67ab 35.9 ± 3.49ab 37.5 ± 4.00ab 42.9 ± 3.85a 31.7 ± 3.30b 
Rootf 15.9 ± 0.51a 20.1 ± 2.91b 15.0 ± 1.09ab 19.6 ± 1.53b 16.2 ±0.78ab 
Colonisationg 21.6 ± 0.42a 21.1 ± 1.00ac 19.0 ± 1.30bc 22.8 ± 1.04ac 21.3 ± 0.34ac 
a WPNP = Wilson's Promontory National Park 
b BRNP = Brisbane Ranges National Park 
eLesion lengths (mm) in stems of E. sieberi seedlings 14 days following inoculation. 
fLesion lengths (mm) roots of E. sieberi seedlings 48 h post inoculation. 
c ONP = Otway National Park g Colonisation (mm) of E. sieberi by P. cinnamomi 48 h post inoculation. 
d WA = Western Australia 
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Figure 3.3. Length of lesions on four-week-old Eucalyptus sieberi seedlings 48h following root-inoculation with zoospores of Phytophthora 
cinnamomi. Lesion data is ranked in order from the smallest to the longest lesion length. Inoculated plants were maintained at 24°C in the dark. 
Error bars represent standard deviation from the mean. 
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Figure 3.4. Colonisation of Eucalyptus sieberi seedlings under controlled environment conditions 48 h following root inoculation with 
zoospores of Phytophthora cinnamomi. Data is ranked from the least colonisation to the greatest colonisation of E. sieberi roots. Inoculated plants 
were maintained at 24°C in the dark. Root sections were plated onto PARPH selective medium to determine the extent of colonisation of 
seedlings by P. cinnamomi following inoculation. Error bars represent standard deviation from the mean. 
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Figure 3.5. Lesion length 14 days following stem inoculation of four-month-old Eucalyptus sieberi under glasshouse conditions with mycelial 
plugs of Phytophthora cinnamomi. Lesion length is ranked from the smallest to the largest. Inoculated seedlings were maintained in the 
glasshouse following inoculation. Error bars represent standard deviation from the mean. 
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3.5 DISCUSSION 
Understanding variation in pathogenicity among P. cinnamomi isolates is essential 
for disease management and the establishment of control strategies. Fungi are 
dynamic in nature, and where the level of variation in the pathogen population is 
high, there is a greater chance of the pathogen adapting to its changing environment, 
with potential implications such as the pathogen overcoming host plant resistance or 
developing tolerance to fungicides used in control. This study demonstrated the 
pathogenic variability among P. cinnamomi isolates in the Anglesea region. The 
findings highlight the importance of implementation of appropriate management 
strategies, such as quarantine measures to prevent introduction of external isolates of 
P. cinnamomi to enhance variation in the population and to avoid further spread of 
the pathogen into currently uninfected areas. 
The present study has demonstrated variation among P. cinnamomi isolates from 
Anglesea, Victoria following both zoospore inoculation of roots and mycelial 
inoculation of stems of E. sieberi seedlings. This concurs with previous reports of 
intraspecific variation in pathogenicity of P. cinnamomi (Dudzinski et a!., 1993; 
Htiberli et a!., 2001; Linde et a!.; 1999b; Robin and Desprez-Loustau, 1998). 
Dudzinski et al. (1993) reported variation among Australian isolates of P. cinnamomi 
following soil inoculation and stem inoculation of clonal E. marginata. Variation 
has also been demonstrated among European isolates of P. cinnamomi following 
stem, soil and bark inoculation of numerous deciduous and coniferous plant species 
(Robin and Desprez-Loustau, 1998). In a field trial using three-year-old E. smithii 
Linde et a!. (1 999b ) demonstrated variation among South African isolates of P. 
cinnamomi. Lesion development varied between isolates and was influenced by the 
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season of inoculation, average temperature at the field sites, culture age of the 
inoculum isolate, and isozyme grouping. 
Pathogenicity was also significantly different between isolates based on geographic 
origin. Pathogenic variation between populations of P. cinnamomi has previously 
been reported in two WA populations (Htiberli et a!., 2001). In the current study, 
following root inoculation with zoospores under controlled conditions, isolates from 
Anglesea and the ONP induced formation of longer lesions than isolates from 
WPNP. The Anglesea and ONP populations are geographically closer to one another 
than the population from WPNP suggesting the two populations may have diverged 
at a later stage than the WPNP population separated from the Anglesea popUlation; 
i.e. following the introduction of P. cinnamomi into Victoria, populations were 
established at WPNP and at Anglesea, and the Anglesea population then spread to 
the ONP. Each population then further evolved in their respective environment. 
However, no significant difference was observed between Victorian and W A isolates 
using either inoculation technique. This may be due to small sample sizes used and 
larger sample sizes may have provided a more accurate representation of the 
population characteristics. 
Under similar environmental conditions, using E. sieberi seedlings of similar 
physiological status, lesion development between the stem inoculation and root 
inoculation techniques was well correlated. This suggests that under controlled 
conditions stem inoculation provides a rapid method for investigation of 
pathogenicity, correlating with the normal method of infection in the field (i.e. via 
zoospores). This concurs with observations by Robin and Desprez-Loustau (1998) 
who demonstrated a strong correlation between soil, stem, taproot and bark 
inoculation at 25°C. Similarly, Dudzinski et al. (1993) found pathogenicity of 
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isolates following stem inoculation with inoculum discs and soil inoculation with 
infected Banksia twigs to be highly correlated in E. marginata and five additional 
Eucalyptus species. Again all inoculated plants were incubated under similar 
conditions (25°C). 
Converse to results of the inoculation experiment conducted under controlled 
environmental conditions with physiologically similar plants, no relationship was 
apparent between lesion development following stem inoculation under glasshouse 
conditions and lesion development following root inoculation under controlled 
environment. This suggests that pathogenicity is influenced by external factors. In 
addition, the fact that only 25 isolates were used in the glasshouse trial must also be 
taken into account. A greater number of isolates may be required to provide a more 
accurate representation of variation. 
The lack of correlation observed between the two experiments is primarily attributed 
to variation in environmental conditions to which the host and pathogen were 
exposed. Temperatures in the glasshouse varied between 13 and 25°C, while the 
conditions for zoospore inoculation remained at a constant temperature of 24°C. 
Temperatures in both environments may also have been more favourable toward 
pathogen development than toward the plants. E. sieberi is indigenous to the moist 
forests of eastern Victoria where annual temperatures range between 9 and 18°C and 
annual rainfall between 900 and 1200 mm is amongst the highest in the state 
(Victorian Bureau of Meteorology). Conversely, optimal conditions for growth of P. 
cinnamomi lie between 24°C and 28°C (Stamps et aI., 1990). 
While environmental conditions playa significant role in influencing pathogenicity 
of P. cinnamomi, differences in the physiological status of the host plant are also 
likely to influence host susceptibility to pathogen invasion. Seedlings used in the 
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stem-inoculation trial in the glasshouse were four months old, while those used in the 
controlled environment root-inoculation trial were four weeks old. It is highly likely 
that E. sieberi seedlings were more susceptible at four weeks old, and did not 
differentiate between isolates to the same extent as the four-month-old seedlings. 
Smith and Marks (1983) inoculated two-week-old E. sieberi seedlings using 
macerated mycelium applied to the growth medium and recorded 100 percent 
mortality within 21 days. Other studies have found seedlings as young as three 
weeks to be highly resistant to P. cinnamomi. Three-week-old C. corymbia seedlings 
inoculated with P. cinnamomi expressed full resistance (Cahill and McComb, 1992). 
Thus, while the present system using four-week-old E. sieberi seedlings is relatively 
rapid to prepare and requires minimal space, the potential lack of differentiation 
between pathogenicity of isolates makes this species at this age unsuitable for use in 
a pathogenicity assay. 
It could also be debated that the species E. sieberi as a whole is too susceptible to 
infection by P. cinnamomi to be used in pathogenicity experiments. However, E. 
sieberi has been classified as moderately susceptible to infection by P. cinnamomi 
when compared with other native Australian species (Marks and Smith, 1991; Marks 
et al., 1981; Smith and Marks, 1982). In addition, E. sieberi displays intraspecific 
variation in resistance to the pathogen (Marks and Smith, 1991). A large enough 
sample of plants should overcome any variability between seedlings. When selecting 
a species for use in pathogenicity assays, it is more desirable to select one that is 
moderately susceptible to the pathogen being investigated. A species that is highly 
susceptible to the pathogen is unlikely to distinguish between isolates, and may even 
be unable to produce a resistant response, even to weakly virulent isolates. 
Conversely, a species resistant to the pathogen will show no response to invasion, 
and once again, pathogenicity of isolates cannot be distinguished. A moderately 
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susceptible host will produce a greater response upon infection with a highly virulent 
isolate of the pathogen, and a lesser response to weakly virulent isolates. 
The method of inoculation may also influence the development of lesions in the host 
plants following inoculation with P. cinnamomi. Motile zoospores are produced in 
large numbers and form the primary infection propagule of P. cinnamomi in the field 
(Hyde et ai., 1991; Hardham et ai., 1994; Shea et ai., 1978; Shearer and Shea, 1987). 
The zoospores are chemotactically attracted to exudates containing amino acids 
including asparagine, aspartic acid and methionine secreted from the zone of 
elongation of host roots (Halsall, 1976; Khew and Zentrnyer, 1973; Zentrnyer, 1966). 
Chemotaxis is an important factor in pathogenesis of P. cinnamomi (Hardham, 2001; 
Hardham et ai., 1994; Zentrnyer, 1980). Inoculation of the plant growth medium can 
be used to emulate the natural infection of roots via zoospores in the soil to provide 
an assessment of pathogenicity, as it accounts for the stages of sporangial formation, 
liberation of zoospores and chemotaxis in the determination of virulence. Root 
inoculation using a zoospore suspension similarly enables investigation of the 
pathogenic process including the ability of the isolate to encyst and penetrate the host 
root, which in Australian vegetation communities is the most common method of 
infection of susceptible plants. The disadvantage of zoospore inoculation is that it is 
time consuming as suspensions take up to two weeks to prepare. Stem inoculation 
using mycelial plugs requires only half this time. Conversely, the use of zoospores 
enables the amount of inoculum to be more accurately quantified than do mycelial 
plugs, as the zoospore concentration can be determined using a haemocytometer. 
Mycelium is reported to be equally as effective as a source of inoculum as zoospores 
(Malajczuk, 1977). Stem inoculation using mycelial plugs provides a more rapid 
technique for inoculation of plants for pathogenicity screening of isolates. However, 
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stem inoculation bypasses the attachment and penetration process, and provides only 
an indication of the ability of the isolates to develop lesions once inside the host. 
Although P. cinnamomi diseases are initiated by root infections, variability in 
pathogen virulence has been demonstrated using trunk (Linde et aI., 1999b; Marks et 
ai., 1981) and stem inoculations (Dixon, 1984; Robin and Desprez-Loustau, 1998). 
Although lesion development between the root and shoot inoculation experiments 
did not correlate well overall under the different environmental conditions, some 
isolates were consistently more pathogenic, or less pathogenic. DU021 (Anglesea) 
was typically less virulent, DU008 (BRNP), DU026 (WPNP) , and DU013 (WPNP) 
were intermediately virulent, and DUOlO (Anglesea) was more virulent. Knowledge 
of pathogenic variability is valuable for host resistance screening in plant breeding 
programs. Durability of host resistance in breeding programs may depend on P. 
cinnamomi variability and on isolate-host plant interaction (Robin and Desprez-
Loustau, 1998). The use of well-defined isolates in screening assays enables more 
accurate determination of host responses to infection by the pathogen, and hence 
selection of more resistant varieties. For example, isolate DUOlO appeared to be 
consistently more virulent than other isolates and would provide a good indication of 
the susceptibility of a plant cultivar. As this study aimed only to provide an assay to 
screen for pathogenicity of isolates sampled from each population, the objective was 
only to provide an indication of the pathogenicity under the given conditions. To 
screen for pathogenesis among isolates and enable comparisons to be made between 
populations and laboratories on a larger scale, a model system using a standard host 
plant under standard inoculation and incubation conditions is desirable. 
While lesion development is generally used as an indicator of pathogenicity or 
aggressiveness of an isolate, colonisation is also an important factor, as this more 
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precisely represents the ability of the pathogen to invade the host. Colonisation of E. 
sieberi seedlings by P. cinnamomi was not significantly different between isolates. 
Colonisation was also not well correlated with lesion length following zoospore 
inoculation. This suggests that the use of lesion formation as an indicator of the 
virulence of a pathogen does not necessarily provide an accurate representation of 
the pathogen's ability to colonise that host. The lack of correlation may be attributed 
to the short time period over which the experiment was conducted or the age and 
physiological status of the seedlings. 
There are few reports of colonisation as a measure of pathogenicity. Robin and 
Desprez-Loustau (1998) observed variations in the colonisation of host tissue 
following stem inoculation on several European deciduous and coniferous species 
tested against French P. cinnamomi isolates. Matheron and Matejka (1989) 
examined colonisation of citrus rootstock and scion tissues by P. citrophthora and P. 
parasitica demonstrating temporal fluctuations in the extent of colonisation. 
Colonisation declined during the winter months, and increased during spring. This 
was associated with minimal lesion development during late autumn and winter, 
indicating that pathogen invasion is related to the extent of lesion formation, 
emphasising the effect of environmental factors on pathogenicity. 
The ability of the pathogen to colonise is, ultimately, the factor that will determine 
the survival of the host, thus it may be a superior measure of the aggressiveness of 
the pathogen. Although the E. sieberi system used in the current study is rapid and 
provides an indication of the pathogenicity of P. cinnamomi in terms of the ability of 
an isolate to induce lesion formation, it does not necessarily offer an accurate 
estimation of its ability to colonise the host. Where large numbers of pathogen 
isolates are to be screened for pathogenicity, it may be appropriate to develop a 
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bioassay and generate a mathematical relationship between lesion length and 
colonisation in a particular host, using a few isolates at first, because determination 
of pathogenicity by measuring colonisation is time consuming, and more expensive 
than a simple inoculation-lesion measurement procedure. 
Correlation between growth rate on CMA and lesion development was also low in 
the present study. This is consistent with a study by Hiiberli et al. (2001) who 
reported low correlation between growth rate on PDA and lesion development in 
detached stems of E. marginata and Corymbia calophylla (Lind!,) K.D. Hill & 
L.A.S. Johnson. Conversely, Linde et al. (1999b) observed good correlation between 
in vitro growth rates and lesion development in E. smithii. However, isolates were 
not passaged through plants prior to conducting the experiment, a factor which may 
have contributed to the low correlation observed as continuous culture has been 
shown to mollify virulence (Caten, 1971; Erwin, 1966). The effect of culture age has 
not been observed in other studies in which isolates were passaged through a plant 
host prior to use in experiments (Dudzinskiet al., 1993; Hiiberli et al., 2001; Robin 
and Desprez-Loustau, 1998). 
Understanding the pathogenic variability in P. cinnamomi is necessary for the 
development and implementation of control measures. This study has demonstrated 
pathogenic variation among isolates of P. cinnamomi at Anglesea, Victoria, 
highlighting the need for stricter management protocols to prevent the introduction of 
isolates into currently infested areas, and thereby diversifying the gene pool of the 
current population. The study also provides an indication of more virulent isolates 
which could be used in the resistance screening of plant material for future 
revegetation programs at the Alcoa mine site at Anglesea. 
Chapter 3: Pathogenicity of P. cinnamomi in southern Victoria, Australia 137 
CHAPTER 4. ANALYSIS OF GENETIC DIVERSITY IN 
PHYTOPHTHORA CINNAMOMI POPULATION AT 
ANGLESEA, VICTORIA USING RANDOM AMPLIFIED 
POLYMORPIDC DNA 
4.1 ABSTRACT 
Variation is the evolutionary means by which organisms compete and survive. 
This study is the first to examine the extent of genetic variation in the P. 
cinnamomi population in Victoria. A total of 60 isolates, sourced from Western 
Australia, Tasmania and Victoria were examined. The isolates were divided into 
10 groups according to the geographical location from which they were sampled. 
This study demonstrated low levels of genetic variation within the P. cinnamomi 
population at Anglesea, and between populations from different geographic 
origins. The genetic distance between isolates was small, and cluster analysis 
revealed no detectable relationship between P. cinnamomi isolates based on 
geographic origin. Results from this study support the hypothesis that P. 
cinnamomi isolates evolved from a similar genetic pool. The low levels of genetic 
variation demonstrated in the Anglesea population are advantageous for 
management of disease in the area, as the occurrence of lower variation will 
reduce the potential for the pathogen to survive adverse conditions to overcome, or 
resist control measures. 
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4.2 INTRODUCTION 
Since its initial identification as the cause of dieback in native forests and 
heathland communities of Victoria (Marks et al., 1972; Podger and Ashton, 1970; 
Weste and Marks, 1974) Phytophthora cinnamomi has caused widespread 
destruction in susceptible vegetation communities in the south-western, eastern 
and southern areas of the state, altering species composition and disrupting 
floristic structure and animal habitat. Despite its distribution throughout the state, 
our knowledge of the population structure and genetic diversity of P. cinnamomi in 
Victoria is limited. 
The amount of genetic variation within a population can determine how rapidly a 
pathogen can evolve. Where genetic variation within a pathogen population is 
high, that population is more likely to adapt rapidly in response to resistant hosts, 
or to chemicals used in control (McDonald and McDermott, 1993). An 
understanding of the extent of genetic variation is fundamental for the 
establishment of successful measures for disease management. 
Population biology aims to describe the amount of genetic variation within 
populations, and to investigate the mechanisms of this variation (Nei, 1987). 
Understanding gene flow within and between populations enhances our 
understanding of the spread of traits such as pathogenicity, and the ability of a 
population to evolve over time. When a population is established in a new 
location by one or a few individuals the amount of genetic variation compared to 
the original population will be small. The extent to which genetic variation is 
reduced depends on the number of individuals in the new population and their 
reproductive capacity (Mil groom et al., 1992). Over time genetic variation in the 
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population will increase as a result of mutation, natural selection, migration, 
genetic drift and reproductive mechanisms. 
A range of molecular tools have been developed to analyse genetic diversity in 
pathogen populations. Old et al. (1984, 1988) demonstrated that Australian 
isolates of P. cinnamomi could be classified into three isozyme types. Most 
recently in Australia, microsatellite loci analysis of Western Australian (W A) P. 
cinnamomi populations revealed the occurrence of seven genotypes (Htiberli et aI., 
2001). These could be classified into one clonal lineage based on microsatellite 
analyses (Dobrowolski; 1999). Linde et al. (1999a) used random amplified 
polymorphic DNA (RAPD) and restriction fragment length polymorphisms 
(RFLP) to investigate genetic variation among Australian and South African 
isolates of P. cinnamomi. Variation between the two populations was low. RAPD 
analysis was also used to investigate genetic diversity in P. cinnamomi populations 
in Taiwan (Chang et at., 1996). RAPD analysis was applied in the present study to 
examine variation within the P. cinnamomi population at Anglesea. 
RAPD analysis is based on the Polymerase Chain Reaction (PCR) (Williams et at., 
1990). RAPDs utilise single short oligonucleotide primers of arbitrary sequence to 
amplify DNA segments distributed randomly throughout the genome of the target 
organism. A difference in the DNA sequence in a primer binding site between 
individuals may result in the failure of the primer to bind and hence in the absence 
of a particular band among the amplification products. RAPD analysis detects 
polymorphisms between individuals resulting from sequence differences in primer 
binding sites. RAPD markers are dominant (profiles are scored for the presence or 
absence of a single allele). The use of short primers and low annealing 
temperatures ensures that several sites, randomly distributed in the genome give 
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rise to amplification products (Rafalski and Tingey, 1993). Disadvantages of 
RAPDs include difficulties with reproducibility, and the high risk of contamination 
as a result of non-specific primers. Difficulties with reproducibility may be 
overcome by eliminating variation in DNA concentration and taking care to ensure 
consistent reaction conditions and thermal profile during amplification (Rafalski 
and Tingey, 1993). 
The principal study site of this investigation is located near Anglesea in south-
western Victoria, Australia. The area is predominantly public land used for 
recreational activities. It comprises approximately 7000 hectares of National 
Estate and overlaps an area leased by Alcoa World Alumina (Alcoa Lease Area) 
for the mining of brown coal. There is a need to establish a management strategy 
to protect the diverse range of plant and animal species in the area. Since first 
being identified at Anglesea in the early 1970s (Weste and Marks, 1974) studies in 
the area have primarily examined the impact of disease on vegetation structure and 
species composition, and the effect of these changes on the abundance of small 
native mammals (Laidlaw, 1997; Laidlaw and Wilson, 1989). Nothing is known 
of the population structure of P. cinnamomi. This study aimed to investigate the 
extent of variation among P. cinnamomi isolates from the Anglesea area using 
RAPD analysis and to compare polymorphisms present in this population with 
potential variation observed in other Victorian and West Australian P. cinnamomi 
populations. 
4.3 MATERIALS AND METHODS 
All preparatory work for DNA extraction and peR analysis was conducted in a 
laminar flow cabinet which had been exposed to UV radiation for 30 minutes prior 
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to use. Sterile filter tip pipette tips (Astral Scientific Pty Ltd., Caringbah, NSW, 
Australia) were used for all PCR preparations. PCR tubes (Astral Scientific) were 
autoclaved for 20 minutes at 120°C prior to use. All reagents were diluted to the 
appropriate concentrations using endotoxin-free water (BIOlO! Inc., CA, USA). 
4.3.1 Culture and harvesting of P. cinnamomi mycelium 
P. cinnamomi isolates were obtained as described in 2.3.1. Isolates used in the 
RAPD analysis are listed in Table 4.1. Prior to culture, P. cinnamomi isolates 
were passaged through Eucalyptus sieberi seedlings as described in section 2.3.3. 
Isolates were then cultured on 10% V8 agar (Appendix A-2) at 24°C for 5 days in 
the dark. Following incubation, a mycelial strand was taken aseptically from the 
culture plate and placed into 100 ml of clarified 10% V8 broth (Appendix A-9) in 
a sterile Erlenmeyer flask. The culture was incubated at 24°C, in the dark for 5 
days, whereupon the mycelium was harvested by filtration through sterile filter 
paper (Whatman's No.1. Whatman International Ltd. Maidstone, England) using a 
Buchner funnel connected to a water pump. The collected mycelium was rinsed 
three times with sterile distilled water (SDW). The mycelial mat was then placed 
into an Eppendorf tube and snap-frozen in liquid nitrogen. The tissue was freeze-
dried overnight (FD3 Freezedrier. Dynavac Engineering Pty Ltd., 30 Bearing 
Road, Seven Hills, NSW Australia) and the freeze-dried mycelium stored at -70°C 
until required for DNA extraction. 
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Table 4.1 Arrangement of the 60 Phytophthora cinnamomi isolates into regions 
and populations for Analysis of Molecular Variance. Regions were based on the 
state of Australia from which isolates originated; these were partitioned into 10 
populations based on the geographical location from which isolates were sampled. 
Further details regarding isolates are presented in Tables 2.1, 2.2 and 2.3. 
Region Population No. of P. cinnamomi isolate 
isolates 
Victoria Anglesea 28 DUOOI DUOll DU020 DU028 
DUOO2 DU012 DU021 DU029 
DUOO3 DU014 DU022 DU030 
DUOO4 DUOl5 DU023 DU031 
DUOO5 DUOl6 DU024 DU032 
DUOO6 DUOl7 DU025 DU033 
DUO 10 DU019 DU027 DU037 
WPNp a 4 DUO 13 DU026 DU034 DU035 
BRNP b 4 DU007 DU008 DU009 CFTT4 
Gippsland 8 CFTT14 CFIT15 CFTT38 CFTT4 
CFIT18 CFIT87 CFTT17 CFTT8 
ONp c 3 CFIT89.2 CFIT89.4 CFTT91 
PNNp d 1 CFTT51 
Rushworth 1 CFTT90 
GRNp e 2 CFTT23 CFIT84 
Tasmania 1 CFIT9 
WAf 8 WA92 WA94-48 WA94-11 WA127 
WA94-17 WA94-3 WA94-19 WA94 
c ONP = Otway National Park awpNP = Wilson's Promontory National Park 
b BRNP = Brisbane Ranges National Park 
e GRNP = Grampian Ranges National Park 
d PNNP = Point Nepean National Park 
fWA = Western Australia 
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4.3.2 DNA Extraction 
Initially three protocols were tested to determine the best method for the extraction 
of DNA from P. cinnamomi: a DNA extraction kit (NucleoSpin Plant. Machery-
Nagel GmbH & Co. K.G., DUren, Germany), the method of Lee and Taylor 
(1990), and the method of Raeder and Broda (1985). The method of Lee and 
Taylor (1990) was a phenol-chloroform based extraction protocol. The extraction 
kit was tested, as it was thought this would provide a rapid, efficient means for 
DNA extraction. The latter method (Raeder and Broda, 1985) proved the most 
successful and was used in all subsequent procedures. 
Briefly DNA was extracted as follows: Twenty mg of mycelium was freeze-dried 
and then ground to a fine powder using a mortar and pestle pre-cooled with liquid 
nitrogen. Ground mycelium was suspended in 500 III extraction buffer (200 mM 
Tris-HCI pH 8.5,250 mM NaCI, 25 mM EDTA, 0.5% SDS; Appendix A-lO) and 
mixed by vortexing and pipetting the mycelial suspension up and down. Three 
hundred and fifty III of phenol (Appendix A-ll) and 150 III chloroform were then 
added and the mixture gently vortexed to form a homogenous solution. The 
suspension was then centrifuged at 13,000 rpm for one hour after which the upper, 
aqueous phase was transferred to a sterile 1 mlmicro test-tube (Eppendorf, 
Hamburg, Germany) and 25 pJ Ribonuclease-A (RNase-A; Sigma Chemical 
Company, MO, USA) (Appendix A-12) added. In the present study a 10 mg.mr! 
solution was used instead of the 20 mg.mr! solution used by Raeder and Broda 
(1985). The suspension was incubated at 37°C for 10 minutes, extracted with one 
volume chloroform and centrifuged at 13,000 g for 10 minutes. Following 
centrifugation the upper aqueous phase was transferred to a new micro test-tube 
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and 250 JLI isopropanol (Sigma Chemical Company, MO, USA) was added. The 
mixture was then centrifuged for 5 minutes at 13,000 rpm. The DNA pellet was 
rinsed with 70% ethanol and spun dry in a vacuum concentrator (Savant Speedy 
Vac SC 200, Savant Instruments Inc., NY, USA) for approximately 30 minutes. 
The dry pellet was then resuspended in 50 III endotoxin free water. The culture of 
mycelium and DNA extraction was repeated for each isolate, so that there were 
two samples of DNA for each isolate. 
4.3.3 DNA quantification 
Nucleic acid concentration was determined spectrophotometrically using a Varian 
Cary 300 Bio UV-Visible Spectrophotometer (Varian Australia Pty Ltd., 
Melbourne, Australia). Ten III of the extracted DNA solution was added to 790 III 
SDW. Absorbance of the solution was measured at 260 nm and 280 nm using 
SDW as a blank. Where the 2601280 absorbance ratio was less than 1.75 (the 
required ratio for optimum purity) the DNA sample was discarded and another 
extraction performed. The DNA concentration was calculated using the 
accompanying WinUV RNA-DNA Estimation Application Version 2.00 (Sax 
Software Corporation, Melbourne, Australia). 
4.3.4 RAPD analysis 
To estimate genetic diversity among P. cinnamomi isolates, RAPD fragments were 
generated for all isolates. The protocol of Linde et al. (1999a) was used in 
association with primers recommended by Dr. Andre Drenth (CRC for Tropical 
Plant Pathology, University of Queensland, Brisbane, Queensland, Australia). 
Only endotoxin free water, sterile filter pipette tips and sterile reaction tubes were 
used in the protocol. Each reaction was conducted twice to ensure results were 
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reproducible. A control reaction in which the P. cinnamomi DNA template was 
omitted was performed for each primer to confirm that the observed bands were 
amplified DNA and not primer artefacts. 
4.3.5 Amplification conditions for RAPD analysis 
PCR amplifications were performed with each of the following four 
decanucleotide primers (Operon Technologies, Inc. Alameda, CA, USA): 
(sequences from 5'-3') OPM-lO (TCTQGCGCAC), OPZ-04 (TCTTTAGGTA), 
OPT-07 (GGCAGGCTGT) and OPAC-01, (TCCCAGCAGA). Primers were 
dissolved in endotoxin free water to a concentration of 25 ng.~rl. 
Each RAPD PCR reaction was comprised of 4 ~l dNTPs (dATP, dCTP, dGTP, 
dTTP) (1 mM) (Deoxynucleotide Mix, Stratagene, CA, USA), 4 ~l MgC}z (4 mM) 
(Biotech International Limited, West Perth, Australia), 0.3 ~l Taq DNA 
Polymerase (Biotech International Limited, West Perth, Australia), 0.5 ~110x PCR 
buffer (supplied with Taq DNA polymerase), 1 ~l primer (25 ng), 1 ~l of DNA (60 
ng.~rl) and made up to 25 ~l with endotoxin free water in PCR tubes. 
Amplification conditions based on those used by Linde et al. (1999a) were as 
follows: 39 cycles of template denaturation at 94°C for 1 minute, primer annealing 
at 37°C for 1 minute and primer extension at noc for 2 minutes, followed by one 
cycle of denaturation at 94°C for 1 minute, annealing at 3rC for 1 minute and 
extension at 72°C for 10 minutes. The reactions were performed in a PTC-lOO 
Programmable Thermal Controller (MJ Research Inc., MA, USA). Amplification 
reactions were run twice for each P. cinnamomi isolate to confirm the location of 
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bands and ensure reproducibility. The PCR amplification products were stored at 
_20DC until required for gel electrophoresis. 
4.3.6 Analysis of peR Products 
Amplified PCR products were size fractioned using 1 % agarose gels (Progen 
Industries Ltd., Darra, Australia) in 0.5 x TBE buffer (Appendix A-13). Three /-LI 
of PCR product was combined with 3 /-LI gel loading buffer (Appendix A-14). A 
100 base pair ladder (DNA Molecular Weight Marker, Arnresco, 30175 Solon Ind. 
Pkwy, Solon, Ohio, USA) was run as a molecular marker. The electrophoresis 
gels were run in 0.5 x TBE at 100 V for 2.5 hours. The gels were stained in 0.5 
/-Lg.mr1 ethidium bromide solution for 20 minutes, and then photographed on an 
Eagle Eye IfID Still Video System (Stratagene, CA, USA). Images were recorded 
using the accompanying EagleSight@ software version 3.1. For each primer, non-
reproducible fragments between replicated RAPD analyses were disregarded. 
4.3.6.1 Scoring of RAPD bands 
Results of RAPD analysis were scored by examining all the bands on 
electrophoresis gels. Band presence. (1) or absence (0) was recorded for each 
banding position. The RAPD phenotype for each individual was presented as a 
data matrix of l' sand 0' s and formed the basis for subsequent statistical analysis. 
For analysis of bands it is assumed that corresponding bands arise by amplification 
of the same genetic locus. 
4.3.7 Analysis of Molecular Variance 
The RAPD data were statistically analysed using the methods of Excoffier et al. 
(1992) and Peakall et al. (1995). The raw data was entered into RAPDistance 
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Package version 1.04 (Annstrong et aI., 1994) for calculation of pairwise distances 
and conversion into an individual sample pairwise distance matrix. Total genetic 
variation was determined by Analysis of Molecular Variance (AMOV A) with 
1000 permutations for significance tests using Arlequin Version 2.0 (Schneider et 
ai., 2000) based on the methods of Excoffier et ai. (1992) and Weir (1996). 
AMOVA was also used to determine population genetic distances (<l>PT) for each 
pair of populations. 
To ensure populations were analysed without bias it was initially assumed there 
was no regional subdivision and populations were treated as a single group 
(region) in the analysis. The analysis was performed as a two-level AMOV A 
(Table 4.2). If <l>PT was significant (p < 0.05), a significant subdivision between 
the P. cinnamomi populations was found. Total genetic variation was then 
partitioned by AMOV A analysis into three levels (Table 4.3): among geographic 
regions, among populations within regions and among individuals. The 60 P. 
cinnamomi isolates were arranged into 10 groups according to the geographical 
location from which they were sampled. These groups were Anglesea, Wilson's 
Promontory National Park (WPNP), Brisbane Ranges National Park (BRNP), 
Gippsland, Point Nepean National Park (PNNP), Rushworth, Grampian Ranges 
National Park (GRNP), Otway National Park (ONP), Tasmania and W A. These 
geographic locations were then further subdivided into regions based on the state 
from which the sample came, i.e. Victoria, Tasmania or W A (Table 4.1). 
As the sample sizes from some populations were relatively small, additional two 
and three level AMOV A analyses were conducted in which populations with three 
or fewer samples were excluded. This left five populations with sample sizes 
greater than three for AMOV A analysis. 
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4.3.7.1 Analysis of genetic diversity 
To detennine the genetic relationships among isolates and populations, a 
phylogenetic tree was constructed from the polymorphisms generated by the 
RAPD analysis. Genetic distance was determined between all isolates using Nei's 
estimate of similarity coefficients (Nei and Li, 1979) in TREECON for Windows 
version 1.30b (Van de Peer and De Wachter, 1994). The genetic distance between 
two individuals is equivalent to their total number of observed band differences. A 
genetic distance'matrix was generated and subsequently used in cluster analysis. 
The unweighted paired group method of arithmetic averages (upGMA) (Sneath 
and Sokal, 1973) was used to construct a phylogenetic tree in TREECON. 
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Table 4.2 The structure of the two-level Analysis of Molecular Variance 
(AMOV A) for analysis of total genetic variation in the Phytophthora cinnamomi 
population (Schneider et ai., 2000). 
Source of variation 
Degrees of freedom 
(df) 
Among populations P-l 
Within populations N-P 
Total N-l 
P= number of populations 
N = sample number in each population 
Sum of squares 
(SSD) 
SSD (AP) 
SSW (WP) 
SSD (T) 
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Expected mean 
squares 
2 2 
ncr a + cr b 
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Table 4.3 The structure of the three-level Analysis of Molecular Variance 
(AMOV A) for analysis of genetic variation among regions, among populations 
and among individuals in the Phytophthora cinnamomi populations sampled. 
Source of variation 
Among regions 
Among populations 
within region 
Individuals within 
population 
Total 
R = number of regions 
Degrees of freedom 
(df) 
R-l 
P-R 
N-P 
N-l 
P = number of populations 
N = total sample number. 
Sum of squares 
(SSD) 
SSR 
SSP 
SSDI 
SSDT 
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Expected mean 
squares 
MSR 
MSP 
MSI 
MST 
151 
4.4 RESULTS 
4.4.1 RAPD analysis 
To test the extent of genetic variation among P. cinnamomi RAPD profiles were 
generated for the 60 isolates using four RAPD primers. The size of amplified 
products detected ranged between 100 and 1000 base pairs. The primers produced 
simple banding patterns that revealed DNA polymorphisms among the isolates 
examined. The four primers produced a total of 36 bands among the 60 isolates of 
which 23 (64%) were polymorphic (Table 4.4). The amount of information 
provided by the four primers differed. Primer OPT-07 detected the least number 
of RAPD haplotypes and primer OPAC-01 detected the most. 
Analysis of the banding patterns revealed many isolates had similar RAPD 
profiles. Isolate W A127 produced RAPD profiles with each of the four primers 
that were unique to the W A population. Profiles from all other primers produced 
for isolates from other locations were not unique to any given population. 
Electrophoresis gels of RAPDs to demonstrate banding patterns and 
polymorphisms for each primer are presented in Figures 4.1 to 4.4. 
4.4.2 Analysis of Molecular Variance 
Genetic variation of the 10 P. cinnamomi populations was initially analysed as a 
single group under the null hypothesis (Ho) that there is no genetic variation 
among the populations (Table 4.5). The population divergence was low (<I>PT = 
0.0663) and not significant (p = 0.0723). 
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Table 4.4 Polymorphic loci and number of RAPD phenotypes detected by each 
primer among 60 Australian Phytophthora cinnamomi isolates. 
Total number of bands No. of polymorphic RAPD 
Primer 
amplified markers phenotypes 
OPM-lO 6 6 12 
OPAC-Ol 13 6 15 
OPZ-04 10 8 13 
OPT-7 7 3 8 
Total 36 23 48 
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bp 
1000 
900 
600 
Figure 4.1 RAPD profile generated by pruner OP AC-O I for selected 
Phytophthora cinnamomi isolates. Lanes from left to right are isolates DUOOI 
through to DUOI7, DUOl9 and DU020. Differences in banding patterns are 
apparent between lane 2 and 3, amongst others, while lanes I and 2 have similar 
banding patterns. M = molecular marker, bp = base pair. 
1234567M 
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Figure 4.2 RAPD profile generated by primer OPT -07 for selected 
Phytophthora cinnamomi isolates. Lanes from left to right are isolates W A94-19, 
WA94-17, WAI27, WA94-1, WA94-48, WA94-3 and WA92. Polymorphisms are 
apparent, for example, in lane 4, which displays a different banding pattern to lane 
5. M = molecular marker, bp = base pair. 
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Figure 4.3 RAPD profile generated by pruner OPM-IO for selected 
Phytophthora cinnamomi isolates. Lanes from left to right are isolates DU021 
through to DU035, and DU037. No polymorphisms are present in the 
electrophoresis gel. M = molecular marker, C = control, bp = base pair 
Figure 4.4 RAPD profile generated by pnmer OPZ-04 for selected 
Phytophthora cinnamomi isolates. Lanes from left to right are isolates W A92, 
WA94-48, WA94-11, WA127, WA94-17, WA94-3, WA94-19, CFTTI5, CFTT51, 
CFTT47, CFTT23, CFTT9, CFTT1l7, CFTT84, CFTT89.4, CFTT87, CFTT90, 
CFTTl8 and CFTT91, CFTT89.2, CFTTI4, CFTT88, CFTT38 and CFTT40. M = 
molecular marker, bp = base pair. 
Chapter 4: Analysis of genetic diversity among P. cinnamomi using RAPDs 155 
However, as the p-value was close to 0.05, an additional AMOV A analysis was 
performed to assess genetic divergence among populations and regions. The 
isolates were divided into 10 groups and divergence among geographic regions, 
among populations within the geographic regions, and within populations 
analysed. There was no significant population divergence among geographic 
regions (p = 0.0684), among populations within regions (p = 0.230) or within 
populations (p = 0.376) (Table 4.6). A table of genetic distance (Nei, 1972) is 
presented to show genetic variation among all populations of P. cinnamomi 
analysed (Table 4.7). When populations with three or fewer isolates were 
excluded, there was a significant genetic divergence between regions (Victoria and 
W A; p = 0.0098) (Table 4.8). Divergence among populations within regions (p = 
0.112) or within populations (p = 0.199) was not significant (Table 4.8). 
4.4.3 Analysis of genetic diversity 
Genetic diversity between isolates in the Anglesea population was 0.9882 ± 0.0093 
as measured by Nei's genetic distance (Nei and Li, 1979), suggesting a low genetic 
diversity within the population. The relationship between isolates is shown in 
Figure 4.5. Two main clusters containing isolates from all main regions sampled 
were apparent. Isolate DU003 was separate from either of the main clusters. The 
smaller of the two main clusters contained isolates DU015, DU016 and DU017. 
The larger cluster, which was subdivided into smaller clusters, contained isolates 
from all geographical locations and these were not grouped in any way related to 
the population from which they originated, although some minor relationships 
could be distinguished. WA 94-11, WA127, WA 94-17 and WA 94-3 in one 
larger cluster, and W A94-19, W A94, and W A94-48 in a second major cluster. 
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Isolates CFIT14 and CFIT15, both from Gippsland, were also closely related. 
However the other isolates from Gippsland were dispersed throughout other 
clusters. 
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Table 4.6 Genetic variation among Phytophthora cinnamomi isolates as 
determined using Analysis of Molecular Variance (AMOVA). Statistics are given 
for variation among groups (based on location of population), variation among 
populations within groups, and within the populations. 
Source of 
variation 
Among 
regions 
Among 
populations 
within 
regions 
Within 
populations 
Total 
Degrees of Sum of Mean 
squares 
(SS/df) 
freedom 
(df) 
2 
7 
61 
70 
squares 
(SSD) 
5.839 
14.875 
0.05074 
0.09531 
100.582 1.64889 
121.296 1.79493 
Percentage 
variation 
(%) 
2.83 
5.31 
91.86 
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cI>-
ratios 
Significance 
0.0546 p = 0.0684 
0.0814 P = 0.22972 
0.0282 P = 0.37634 
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Table 4.7 Genetic distance of Phytophthora cinnamomi populations from Australia used in analysis of random amplified polymorphic DNA. 
Anglesea WPNP BRNP Gippsland ONP Tasmania PNNP GRNP Rushwort WA 
Anglesea 0 
WPNP 0.060 0 
BRNP 0.047 0.111 0 
Gippsland 0.075 0.009 0.096 0 
ONP 0.051 0.017 0.114 0.044 0 
Tasmania 0.056 0.016 0.063 0.014 0.043 0 
PNNP 0.050 0.024 0.091 0.050 0.008 0.030 0 
GRNP 0.013 0.018 0.067 0.033 0.020 0.023 0.021 0 
Rushworth 0.043 0.002 0.097 0.014 0.011 0.019 0.019 0.010 0 
WA 0.014 0.057 0.017 0.063 0.051 0.031 0.035 0.012 0.044 0 
Nei's genetic distance (Nei and Li, 1979). 
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Table 4.8 Genetic variation among Phytophthora cinnamomi isolates as 
determined using Analysis of Molecular Yariance (AMOYA). Statistics are given 
for variation among groups (based on location of population), variation among 
populations within groups, and within the populations. 
Source of 
variation 
Among 
regions 
Among 
populations 
within 
regions 
Within 
populations 
Total 
Degrees of Sum of 
freedom 
(df) 
1 
3 
58 
squares 
(SSD) 
4.9529 
7.109 
95.072 
Mean 
squares 
(SS/df) 
0.1047 
0.0873 
Percentage 
variation 
(%) 
5.72 
4.77 
1.63935 89.52 
62 107.143 1.83132 
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cl>-
ratios 
Significance 
0.0506 P = 0.00978 
0.105 p = 0.11241 
0.0572 p = 0.19941 
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Figure 4.5 Phenogram of Phytophthora cinnamomi isolates from around Australia 
based on molecular polymorphism generated by randomly amplified polymorphic DNA 
analysis. Genetic distance was calculated based on the method of Nei and Li (1979) 
using TREECON for Windows version l.3b to generate a genetic distance matrix. The 
cluster analysis of unweighted pair group method using arithmetic averages (UPGMA) 
(Sneath and Sokal, 1973) was used to construct the tree. Identification of isolates is 
detailed in Tables 2.1, 2.2 and 2.3. The populations to which they belong are detailed in 
Table 4.1. 
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4.5 DISCUSSION 
Genetic structure refers to the amount and distribution of genetic variation within 
and between populations (McDonald and McDermott, 1993). The potential for a 
pathogen population to evolve depends on the extent of genetic diversity within 
that population. Such information can assist in determining how effective a 
control measure will be. Pathogen populations with high levels of genetic 
variation are more likely to adapt rapidly to control measures such as fungicides, 
resistant hosts, or environmental changes. Conversely, in populations where 
diversity is low, the capacity to adapt will be reduced. 
The development of molecular markers enables the characterisation of plant 
pathogen populations. Individuals in a pathogen population can be characterised 
more precisely than by using traditional phenotypic techniques. Molecular tools 
also enable the amount and distribution of genetic variation within populations to 
be measured. In addition, these markers can often elucidate the population genetic 
structure and evolutionary relationships of plant pathogens (Ennos and McConnell, 
1995). 
RAPD analysis was utilised in this study to determine the extent of variation 
among P. cinnamomi isolates from the Anglesea area and to compare these isolates 
with those from other Australian populations. To date, no study examining genetic 
variation at any level in Victorian P. cinnamomi isolates has been published. The 
present study is the first to investigate variation of P. cinnamomi in the Anglesea 
population and to include a number of isolates from additional populations in 
Victoria, Tasmania and W A. Genetic diversity within and among P. cinnamomi 
populations was observed to be low as indicated by Nei's measure of genetic 
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distance (Nei and Li, 1979). Cluster analysis found no relationships between 
isolates based on geographic origin and the genetic distance between isolates was 
small. 
The low level of genetic variation among P. cinnamomi isolates from Anglesea 
was expected since all isolates tested were of the A2 mating type. The genetic 
structure of a population is influenced significantly by the mode of reproduction 
(Drenth and Goodwin, 1999). Populations of pathogens which reproduce 
asexually may only be comprised of a limited number of different genotypes. In 
Australia, the A2 mating type is more commonly found in the field than the Al 
mating type and P. cinnamomi functions principally as an asexually reproducing 
organism. As a result, the rate of genetic change is expected to be low. In 
asexually reproducing organisms each clone represents a separate, isolated line of 
descent and genotype frequencies represent only the past history of the population 
(Drenth and Goodwin, 1999). In sexually reproducing populations of P. infestans 
in Mexico, DNA fingerprints demonstrated a large number of different genotypes 
whereas populations sampled from outside of Mexico, which reproduce asexually, 
were comprised of only one or a few clones (Fry et ai., 1992). 
No significant level of variation was detected when all P. cinnamomi isolates were 
analysed as a group suggesting that there is no genetic differentiation among P. 
cinnamomi isolates in Australia. The occurrence of low levels of diversity 
supports the hypothesis that isolates sampled in the current study have come from 
a similar evolutionary background. Observations from the current study concur 
with previous reports (Htiberli et ai., 2001; Irwin et ai., 1995; Linde et ai., 1997; 
Old et aI., 1988). Isozyme analyses of Australian P. cinnamomi populations have 
revealed a relatively uniform population structure (Old et ai., 1984, 1988) and two 
Chapter 4: Analysis of genetic diversity among P. cinnamomi using RAPDs 164 
AI and two A2 multilocus isozyme genotypes have been identified. These isotypes 
correspond to three clonal lineages as determined by microsatellite analysis 
(Dobrowolski, 1999; Hliberli et al., 2001). Microsatellite loci analysis of P. 
cinnamomi from Western Australia revealed low levels of genetic variation 
(Hliberli et al., 2001). This evidence presented here clearly supports the 
hypothesis that P. cinnamomi was introduced into Australia. The genetic diversity 
among isolates tested was low, and since, the genetic diversity in pathogen is 
generally highest in isolates obtained from their centre of origin (Linde et al., 
1999a) it is unlikely that P. cinnamomi originated in Australia. 
When all populations were analysed the level of genetic variation between the 
three regions, Victoria, Tasmania and W A was not significant. However, it was 
greater than that observed within populations. When AMOV A analyses were 
conducted using only populations with greater than three isolates, a significant 
population divergence was observed between W A isolates and Victorian isolates. 
This was as expected, as most species exhibit at least some degree of genetic 
differentiation between geographic locations as a result of geographical isolation 
(Bassam et al., 1995). When a new population is established by one or a few 
individuals in a new location, the amount of genetic variation will be small 
compared to the larger original population. Over time, the extent of genetic 
variation in the new population will change as a result of factors such as mutations, 
host specialisation and genetic drift (Linde et ai., 1999). 
When interpreting results, the small sample size of some populations and variation 
in population sizes must be considered. The number of isolates within populations 
ranged from one to 28. Only one isolate was available from Tasmania, PNNP and 
Rushworth while 28 isolates were available for the Anglesea study site. Where 
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only a small sample size was used the probability of detecting polymorphisms is 
diminished. Furthermore, while the Arlequin program is able to analyse 
populations with only one sample, the accuracy may also be reduced (Schneider et 
ai., 2000). 
Genetic distance and UPGMA cluster analysis indicated that the P. cinnamomi 
isolates were all closely related. The clustering in the RAPD phenogram was not 
associated with the geographical origin from which the isolate was obtained. 
Isolates from all geographic locations sampled were distributed among the main 
clusters, although some isolates sourced from locations within close proximity of 
one another were more closely related. Isolate DU003 from Anglesea was 
separated from the two main clusters of the phenogram. The smaller of the two 
main clusters contained three isolates of which DUOl6 and DUOl7 were sampled 
from the same track in Anglesea. Isolates CFITl4 and CFITI5, both from 
Gippsland, were also closely related. Isolates from Western Australia were 
grouped into two main clusters. WA 94-11, WA127, WA 94-17 and WA 94-3 in 
one larger cluster, and WA94-19, WA94, and WA94-48 in a second major cluster. 
The data suggests that P. cinnamomi is not highly structured into specific gene 
pools. 
The simplest mechanism for the introduction of new variation is through migration 
as a consequence of the introduction of a new isolate into an area (Mil groom, 
1992). Molecular markers have facilitated more precise evaluation of the potential 
for gene flow among geographically separated populations. While the current 
study suggests that levels of genetic variation within the P. cinnamomi population 
at Anglesea is low, the introduction of new genotypes from other populations 
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could increase the genetic variation thereby enhancing the potential for the 
population to adapt. 
The results of the current study highlight the importance of implementing 
appropriate management protocols for the Anglesea heathlands to prevent the 
introduction of new genes into the Anglesea P. cinnamomi gene pool from other 
regions in Victoria. The high use of the principal study site at Anglesea, Victoria 
for recreational activities (e.g. motorbike riding and four-wheel-driving) 
dramatically increases the risk of further spread of the pathogen and the 
introduction of new genetic variation into the area from elsewhere in the state. 
Several mechanisms have been proposed to explain variation observed in 
Phytophthora populations where sexual reproduction does not occur as a result of 
the absence of the second mating type. These include random mutation followed 
by selection, heterokaryosis, parasexuality, somatic recombination, cytoplasmic 
factors and physiological adaptation (Brasier, 1992, Brasier and Hansen, 1992; 
Erwin, 1983; Fry et al., 1992). Genetic variation is created by changes in the 
genetic material, and mutation forms the basis of all genetic variation (Bassam et 
al., 1995). Consequently, a population containing millions of individuals will have 
many more mutant alleles present for natural selection to act on than a small 
population of only a few thousand individuals (McDonald and McDermott, 1993). 
Migration, gene flow, natural selection and genetic drift amplify the effects of 
mutation. Natural selection changes the gene pool by giving a reproductive 
advantage to individuals with favourable allele combinations. As a result of 
natural selection, the types and frequencies of alleles in the population gradually 
change so as to promote greater adaptation to the environment (Bassam et al., 
1995). 
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While morphological characteristics provide a useful mechanism for identification 
and classification of organisms, the variation expressed in phenotypes limits the 
use of such systems, and emphasises the importance of standardised protocols and 
conditions for culture of organisms for morphological analysis. It also accentuates 
the benefits of new molecular techniques for identification and classification of 
organisms. In addition, differences in an asexually reproducing population, which 
may be minute and undetectable morphologically, could be identified using 
genetic analysis techniques. 
The present study detected low levels of variation within the P. cinnamomi 
population at Anglesea. Variation between populations throughout Australia was 
also low. However this may be attributed to sample size, as when only larger 
population groups were analysed, the genetic divergence between regions (i.e. 
Victoria and Western Australia) was significant. The current study enhances our 
understanding of population genetics and dynamics and enables the behaviour of 
the Anglesea P. cinnamomi population to be predicted more accurately and long-
term management strategies to be developed for disease control. 
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CHAPTERS. DEVELOPMENT 
CULTURES OF THE 
OF CELL 
INDIGENOUS 
SUSPENSION 
AUSTRALIAN 
MONOCOTYLEDON XANTHORRHOEA AUSTRALIS R. BR. 
(AUSTRAL GRASS TREE) 
5.1 ABSTRACT 
The indigenous monocotyledon Xanthorrhoea australis fonns a significant structural 
component of heathland vegetation communities in southern Victoria, providing 
habitat and food for dependent flora and fauna. The species is also highly 
susceptible to infection by the soilborne pathogen Phytophthora cinnamomi. This is 
the first report of successful in vitro culture of X. australis. Young leaf bases from 
field-sourced X. australis proved to be the most successful of all explants tested. 
Callus was initiated on modified half-strength Murashige and Skoog medium (Y2 
MS) with 0.2 11M of the cytokinin 6-benzylaminopurine (BAP) and 5.0 11M of the 
auxin-like growth regulator 2,4-diochlorophenoxyacetic acid (2,4-D). Cell 
suspension cultures were established from callus in modified Y2 MS liquid medium 
supplemented with 0.2 11M BAP and 5.0 11M 2,4-D. The protocols developed for the 
establishment of callus and cell cultures in the present study provide a valuable tool 
for the detailed analysis of cellular interactions between X. australis and P. 
cinnamomi. 
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5.2 INTRODUCTION 
Xanthorrhoea australis is a slow growing, arborescent monocotyledon indigenous to 
Australia. It forms an important understorey species of the eucalypt woodlands and 
is a dominant structural component of heathland ecosystems of southern Victoria. X. 
australis is also highly susceptible to infection by Phytophthora cinnamomi. P. 
cinnamomi has been reported to reduce seedling recruitment of X. australis for 12 to 
20 years following disease due to P. cinnamomi (Dawson et al., 1985; Weste and 
Taylor, 1971). Loss of X. australis from the vegetation community alters the 
structure and function of the ecosystem, threatening the survival of the flora and 
fauna which rely on X. australis for habitat and food. 
In the heathland vegetation communities of southern Victoria damage to dominant 
understorey species such as X. australis has significant implications for floral and 
faunal habitat quality (Newell, 1998). Wilson et al. (1990) reported reductions in 
small mammal populations, including Antechinus stuartii Geoffrey (Swamp 
antechinus), following disease due to P. cinnamomi. The moth Meyriccia latro 
Zeller predates exclusively on the seeds of X. australis, relying on the inflorescence 
for food and larval habitat (Curtis, 1998; Staff, 1975). P. cinnamomi also indirectly 
impacts on flora, such as native orchids which rely on dominant structural species 
such as X. australis for shade, through modification of the vegetation structure 
(Department of Primary Industries, Water and Environment, Tasmania, 2002). 
In vitro plant culture offers many benefits including the rapid and large-scale 
mUltiplication of genetically identical plants, pathogen-free plant material, 
conservation of endangered species and a means for propagation where conventional 
methods such as seeds or shoot cuttings are unsuccessful or slow. Furthermore, 
tissue culture techniques have been used to select plant lines tolerant or resistant to a 
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pathogen such as has been achieved with Eucalyptus marginata (Jarrah) in Western 
Australia (Bennett et al., 1993; McComb et aI., 1987). 
While a broad range of native Australian species have been successfully established 
using tissue culture techniques (Taji and Williams, 1996), much of the research has 
concentrated on commercially valuable species such as those for the cut flower 
market or timber industry, including Anigozanthos species (Kangaroo Paw) (Ellyard, 
1978; McComb and Newton, 1981) E. marginata (Jarrah) (Bennett and McComb, 
1982) and members of the Proteaceae (Tynan, 1994) and Epacridaceae (Anthony et 
al., 2000). Few monocotyledons have been established in vitro relative to 
dicotyledons, as monocotyledons are generally difficult to clone (Taji and Williams, 
1996). To date only genera from 11 families of native monocotyledonous plants 
have reportedly been cultured in vitro (Gorst, 1996). Arborescent monocotyledons 
for which in vitro techniques have been developed include Cordyline species (Palm 
Lilies) (Evaldsson and Welander, 1985; Kunisaki, 1975), Dasypogon hookeri J. 
Drumm. (Pineapple lily) (Bunn and Dixon, 1992) and Howea species (Ko and Gage, 
1991). There are no published records of X. australis having been propagated in 
vitro. Members of the Xanthorrhoeaceae that have been reported as having potential 
for micropropagation include Calectasia cyanea R.Br. and Lomandra hastilis (R.Br.) 
Ewart (Gorst, 1996; McComb, 1983). 
Cell suspension cultures enable effective investigation of host-pathogen interactions, 
providing an insight into the behaviour of the pathogen within the host at a cellular 
level. Several studies have examined the interaction between Oomycetous pathogens 
and their hosts using cell cultures. Perrone et al. (2000) developed a system for in 
vitro investigation of the gene-for-gene interaction between Nicotiana tabacum L. 
and Phytophthora nicotianae Breda de Haan. Gene for gene specificity was 
preserved in detached stems, detached leaves, intact seedlings, callus cultures and 
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suspension cells indicating responses were consistent regardless of the host tissue 
used. Ingram and Robertson (1965) demonstrated the activity of phytoalexins in 
Solanum tuberosum L. cell cultures following infection by P. infestans (Mont.) de 
Bary. These systems are relatively rapid to establish. 
The cell suspension cultures of X. australis were established as part of a wider 
investigation into the impact of P. cinnamomi on X. australis. The objective of this 
study was to establish callus and cell suspension cultures of X. australis to further 
investigate the host-pathogen interaction at the cellular level. This will enable study 
of the anatomical, biochemical and physiological changes associated with infection 
of X. australis by P. cinnamomi thereby enhancing our understanding of infection 
processes and plant defence responses. Furthermore, it will be used to examine the 
mode of action of fungicides available for control of the pathogen. 
5.3 MA TERIALS AND METHODS 
5.3.1 Selection of explant 
Three primary sources of plant material were trialed to determine the best source of 
explant for callus initiation of X. australis: mature plants, young seedlings and the 
embryo. Roots, shoots and the apical meristem were assessed individually to 
determine which plant part provided the most suitable explant for establishment of 
callus. 
5.3.1.1 X. australis seedlings 
X. australis seed was collected from the Alcoa Lease Area at Anglesea, Victoria. 
Seeds were germinated in vermiculite moistened with water in covered plastic tubs 
(30 cm x 20 cm) at 22°C in the dark. Germination under these conditions occurred 
within 4 weeks. Upon germination of seeds, the lid was removed from the tub and 
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the seedlings placed under a 14:10 hour light: dark regime. Four weeks after 
germination seedlings were transplanted to forestry tubes containing potting mix 
(Gardner's Choice Premium Blend Potting Mix, Kmart Australia Ltd. Tooronga, 
Victoria, Australia) and maintained at 24°C under a 14: 10 hour light dark regime 
(Figure 5.1a). Seedlings were used in experiments when they were between two and 
three months old. 
5.3.1.2 Mature X. australis plants 
Mature X. australis plants used for establishing callus cultures were obtained from a 
site immediately adjacent to the Alcoa Coal Mine at Anglesea, Victoria (Figure 
5.1b). Plants were estimated to be between three and five years old. The area was 
confirmed to be free of P. cinnamomi by soil sampling and baiting of the soil with 
Eucalyptus sieberi cotyledons as described in section 2.3.1. Whole plants were 
separated into roots, shoots (leaves) and meristematic tissue. The older, outer leaves 
were pulled back to expose the younger leaves, which were used (Figure S.lc). Leaf 
tips were discarded and approximately 30 mm of the cream-coloured non-
photosynthetic leaf tissue from the leaf base was retained. 
5.3.1.3 Embryo 
Seeds used in the experiments were collected from X. australis plants growing in the 
Alcoa Lease Area at Anglesea, Victoria. To test the potential of the embryo as a 
source of explant, the seed was surface sterilised in 70% ethanol for 5 minutes, after 
which the seed coat was removed using a sterile scalpel blade and forceps. Because 
the embryo is sterile, the seeds were not included in the general trial for surface 
sterilisation. 
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a 
Figure 5.1. Xanthorrhoea australis used as sources of explant for establishment 
of callus. a. Three month old X australis seedlings in forestry pot. Scale bar = 5 cm; 
h. Young (approximately five years old) X australis in heathland vegetation adjacent 
to the Alcoa coalmine site at Anglesea, Victoria. Scale bar = 5 cm; c. Creamy 
coloured leaf bases (arrow) of young X australis used as a source of explant for 
establishment of callus. Scale bar = 2 cm. 
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5.3.2 Explant sterilisation 
To determine the most effective sterilisation technique for plant tissues a number of 
treatments were assessed (Table 5.1). Explant culture plates were examined on 
alternate days to record contamination and to determine the effectiveness of the 
surface sterilisation procedure. Presence or absence of contamination was recorded. 
Contaminated tissues and plates were discarded. 
5.3.3 Selection of culture medium 
Initially, Gamborg's B5 (Gamborg et al., 1968) medium and half strength Murashige 
and Skoog (Y2 MS) medium (Murashige and Skoog, 1962) were tested to determine 
which was more suitable for survival of explants. Subsequently, Y2 MS was used for 
all media trials. 
Medium for callus initiation was based on that used by Tynan (1994) for 
micropropagation of Banksia species. Initially, Y2 MS (2.2 g.L-1) medium 
supplemented with 0.4 mg.L-1 thiamine-HCI, 20 g.L-1 sucrose (BDH AnalaR. Merck 
Pty Ltd, Kilsyth, Victoria, Australia), 50 mg.L-1 rifampicin, 10 mg.L-1 cefotaxime, 1 
g.L-1 casein enzymatic hydrolysate and 6.6 g.L-1 bacteriological agar (Oxoid Ltd, 
Basingstoke, Hampshire, England) were used. All ingredients except the two 
antibiotics were dissolved in distilled water and the pH adjusted to 5.7 prior to 
autoclaving at 121°C for 20 minutes. Upon cooling of the agar to 50°C the 
antibiotics were added through a 0.2 !lm syringe filter (Sterile Acrodisc®, Gelman 
Sciences, MI, USA), the medium swirled and then poured into 100 mm x 20 mm 
deep petri dishes (Westlab Life Sciences, Ballarat, Victoria). 
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Table 5.1 Procedures tested for surface sterilisation of X. australis plant material 
for establishment of explants. 
Trial # Sterilisation procedure 
Briefly rinse explant in tap water; Place in 1 % bleach + 20 III Tween 
A 20 (Sigma Chemical Company, MO, USA) for 20 minutes; Rinse 3 
times for 3 minutes in sterile distilled water (SDW). 
Briefly rinse explant in tap water; Place in 2% bleach + 20 III Tween 
B 20 for 20 minutes; Rinse 3 times for 3 minutes in sterile distilled water 
(SDW). 
Rinse explant under running tap water for 10 minutes; Place in 1 % 
C bleach + 20 III Tween 20 for 20 minutes; Rinse 3 times for 3 minutes 
in SDW. 
Rinse explant under running tap water for 20 minutes; Place in 1 % 
D bleach + 20 III Tween 20 on shaker for 20 minutes; Rinse 3 times for 3 
minutes in SDW. 
Rinse explant under running tap water for 30 minutes; Place in 1 % 
E bleach + 20 III Tween 20 on shaker for 20 minutes; Rinse 3 times for 3 
minutes in SDW. 
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Following this trial, polyvinyl pyrrolidone (PVP) (1 g.L-1) was added to the medium 
in an attempt to overcome browning due to phenolic production by explants. The 
sucrose was also adjusted to 30 g.L-1, and 2 g.L-1 phytagel with 4 g.L-1 agar was 
substituted for the 6.6 g.L-1 agar. Unless otherwise stated, the above chemicals and 
antibiotics were purchased from Sigma Chemical Company, MO, USA. 
5.3.4 Establishment and subculture of explants 
Following sterilisation, plant material was cut into segments using a sterile scalpel 
blade and placed vertically, in an apolar orientation, onto culture plates using sterile 
forceps. Roots and leaves were cut longitudinally into 3 mm sections. Meristematic 
tissue was cut into 3 x 3 mm pieces. Embryos were placed into medium following 
excision from the seed coat. Plates were sealed with Parafilm® and incubated. 
Explants were examined at weekly intervals to assess condition and survival. 
Uncontaminated surviving explants were subcultured fortnightly onto fresh modified 
Yz MS medium. An outline of the protocol for testing the suitability of X. australis 
explants for callus initiation is presented in Figure 5.2. 
5.3.5 Determination of incubation conditions 
To determine the most suitable incubation conditions ten plates, each containing five 
leaf-base explants, were incubated at 18°C and 24°C under both light and dark 
conditions. Survival of explants was monitored weekly. 
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Source 
(seedling, mature plant, seed) 
I 
I I 
Explant Explant 
(root, meristematic tissue, leaf) (embryo) 
I I 
, Sterilise , , Surface sterilise seed , 
I I 
'Tissue cut into segments' , Remove embryo , 
J I 
, Plate onto agar' I Plate onto agar I 
I I 
'Incubate' 'Incubate' 
Figure 5.2. Outline of the protocol for testing of explants for establishment of 
Xanthorrhoea australis callus on modified half-strength Murashige and Skoog 
medium. 
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5.3.6 Effect of individual growth regulators on explants 
Following establishment and survival of explants in the basal medium the effect of 
several plant growth regulators was examined. The cytokinin 6-benzylaminopurine 
(BAP) and the auxins 2,4-diochlorophenoxyacetic acid (2,4-D), 4-[3-indole] butyric 
acid (IDA) and naphthalene acetic acid (NAA) were trialed individually, and in 
combination (Table 5.2) to determine which most successfully induced elongation, 
and callus development. Growth regulators were purchased from Sigma Chemical 
Company, MO, USA. Stock solutions of each growth regulator were made in a 
solution of 1 M NaOH and stored at 4°C. Forty eight leaf base sections were 
initiated for each individual cytokinin and auxin and for each cytokinin/auxin 
combination. Four explants were placed into each culture dish and survival and 
development of the explants monitored. Individually, 2,4-D was tested at 
concentrations ranging from 0.2 11m to 50.0 /lffi, IDA was tested at concentrations 
ranging between 0.05 /lffi and 5.0 /lffi, NAA was tested at concentrations from 10.0 
11m to 100.0 11m and BAP tested at concentrations between 1.0 11m and 100.0 11m. 
5.3.7 Establishment and maintenance of cell suspension cultures 
Culture medium for establishment of cell suspension cultures was of the same 
composition as that used for growth of callus, excluding the agar and antibiotics 
(refer to section 5.3.3). The growth regulators 2,4-D and BAP were added to give 
concentrations of 1.0 11M and 0.2 1lM, respectively. 
To initiate cell suspension cultures, actively growing callus (approximately 5 mm in 
diameter) was crushed, using sterile forceps, into 20 ml of Y2 MS broth in sterile 250 
ml polycarbonate Erlenmeyer flasks (Crown Scientific, Melbourne, Victoria). 
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Table 5.2 Combinations and concentrations of growth factors 6-
benzylaminopurine (BAP), 2,4-Diochlorophenoxyacetic acid (2,4-D), 4-[3-indole] 
butyric acid (IBA) and naphthalene acetic acid (NAA) trialed for establishment of 
callus of Xanthorrhoea australis. 
BAP (~) IBA (~) 
0.05 NA a 
0.2 NA 
0.5 NA 
2.0 
5.0 
0.01, 0.02, 0.05, 1.0, 
25.0 
NA 
a NA= not assessed 
NAA(~) 
0.1,0.5, 1.0 
0.1,0.5, 1.0 
2,4-D (~) 
0.2, 0.45, 4.5 
0.2, 0.5, 1.0, 4.5, 5.0, 
10.0, 20.0, 50.0 
1.0, 10.0, 20.0, 50.0, 1.0, 2.0, 5.0, 10.0, 
100.0 
NA 
NA 
20.0,50.0 
1.0, 5.0, 10.0, 20.0, 
50.0 
1.0, 5.0, 10.0, 20.0, 
50.0 
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Cultures were incubated on an orbital shaker (110 rpm) in the dark at 24°C. Cultures 
were subcultured every seven days by adding fresh liquid medium to the flask so as 
to double the volume (i.e. to 40 ml) and then dividing the culture between two flasks. 
5.3.8 Cell viability 
To determine the percentage of viable cells, suspension cultures were subcultured as 
described in section 5.3.7. The percentage of viable cells was determined using the 
Evan's Blue exclusion test (Dixon, 1985) in which viable cells do not take up the 
stain. Two hundred III of cell suspension was then transferred onto a microscope 
slide using a pipette and stained for five minutes with an aqueous stain comprising 
0.025% (w/v) Evan's Blue and 0.1 % (w/v) phenosaffranine. Living cells remain 
unstained while dead cells accumulate the stain and appear blue. Three samples 
were taken from each of three culture flasks and the experiment was repeated on 
three separate occasions. 
5.3.9 Scanning electron microscopy 
Callus tissue was air-dried overnight at room temperature. The tissue was then 
mounted on aluminium stubs and coated with 700 nm gold in a Polaron SC 7610 
sputtering device (Quorum Technologies, East Sussex, England). Samples were 
examined using a Philips XL20 scanning electron microscope (SEM) (Philips. 
Eindhoven, The Netherlands). Photographs were digitally recorded and 
measurements taken using the accompanying XL20 version 5.7 software (Philips. 
Eindhoven, The Netherlands). Images were printed using a Sony UP890CE video 
graphic printer (Sony UP890CE. Sony Australia Ltd, North Ryde, NSW, Australia). 
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5.4 RESULTS 
5.4.1 Selection of explant 
Following preliminary studies, the white, non-photosynthetic leaf base of younger 
leaves exposed when the older leaves were removed was found to be the most 
successful source of explant (Table 5.3). Elongation of leaf bases began two weeks 
after initiation of cultures. Swelling was observed three weeks after initiation. 
Explants taken from three-month-old seedlings and embryos became brown and died 
within 14 days. Explants established from root tissue became brown and died within 
four weeks. Meristematic tissue was consistently contaminated and difficult to 
sterilise. Leaf bases were therefore used in trials for induction of callus. Percentage 
survival of explants is given in Table 5.4. 
5.4.2 Explant sterilisation 
Excluding the seed embryo, all material became contaminated with unidentified 
bacteria and fungi if cultured without prior surface sterilisation. Success of each 
sterilisation procedure is presented in Table 5.5. A sodium hypochlorite 
concentration of 2% resulted in excessive 'burning' of tissue. Procedures D and E 
were the most effective for sterilisation of X. australis explants with less than 10% 
infection in cultured explants. Rinsing with tap water for an extra 10 minutes 
(procedure E) had no advantage, and procedure D was used for all preparations. 
Agitation of explants in sodium hypochlorite using an orbital shaker greatly 
enhanced the success of the sterilisation process. Procedure A was the least 
successful in sterilisation of explants with up to 80% of all explants infected. No 
sterilisation procedures were successful for meristematic tissue, whose highly 
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Table 5.3 Summary of responses of various explants of Xanthorrhoea australis 
to culture on modified half-strength Murashige and Skoog medium two weeks and 
four weeks after incubation at 24°C in the dark. 
Explant Two weeks Four weeks 
Embryo No response; Embryo browning Necrosis. 
Young seedling Necrosis 
Mature root No response Brown and dying, or dead 
Leaf base Elongation within one to two weeks Elongation 
Meristematic tissue No change; extensive contamination Contaminated or dead 
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Table 5.4 Survival of Xanthorrhoea australis explants on modified half-strength 
Murashige and Skoog medium, seven days and 14 days after culture at 24°C in the 
dark. Data is presented as the percentage of explants that survived in culture after 
seven and 14 days. 
Explant 7 days (%) 14 days (%) 
Leaf base from mature plant 99 97 
Meristematic tissue from mature plant 90 72 
Root tissue from mature plant 7 0 
Leaf tissue from seedling 0 0 
Root tissue from seedling 1 0 
Embryo 0 0 
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Table 5.5 Effectiveness of surface sterilisation procedures tested on explants of 
Xanthorrhoea australis. Data for mature leaf base, roots, and meristematic tissue 
grown on modified half-strength Murashige and Skoog medium at 24 DC in the dark 
is presented as a percentage of the total explants contaminated after seven days. 
Significant differences (p < 0.05) were observed between sterilisation procedures and 
also between explant sources. Please refer to Table 5.1 for definitions of sterilisation 
procedures. 
Sterilisation Explants contaminated after 7 days (%) 
procedure Leaf base Meristem Root tissue 
A 18.3 93.3 33.3 
B 10.0 86.7 25.0 
C 6.7 83.3 18.3 
D 5.0 78.3 10.0 
E 3.3 71.7 6.7 
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textured surface may influence the contact between the sodium hypochlorite and the 
contaminating organisms. Data for seedling explant material is not shown as this 
material died rapidly and was unsuitable for establishment of explants. 
5.4.3 Selection of culture medium and maintenance of cultures 
X. australis explants survived on both Gamborg's and MS media. MS medium was 
selected as it showed more rapid, healthy growth, and it has also been used 
previously for culture of native Australian plants. MS was used at half strength and 
supplemented with the following additional nutrients and antibiotics: thiamine-HCL, 
sucrose, casein enzymatic hydrolysate, PVP, phytagel, bacteriological agar, 
rifampicin and cefotaxime. Explants were subcultured onto fresh medium every two 
weeks. 
5.4.4 Determination of incubation conditions 
In preliminary trials, no differences were observed between explants incubated at 
19°C and those incubated at 24°C. All explants incubated in the light became brown 
and died within seven days. Root tissues died within 14 days regardless of 
incubation conditions. Meristematic tissue survived under dark conditions, but 
frequently became contaminated. Leaf bases were most successful and survived for 
long periods at 24°C in the dark. Following these preliminary trials all explants were 
incubated in the dark at 24°C. The following sections refer only to leaf base 
explants, as this was the explant source used to establish callus cultures. 
5.4.5 Effect of growth regulators on leaf base explant 
Elongation of explants was observed in all individual auxin and cytokinin treatments 
(Figure 5.3a; Table 5.6). Elongation and explant survival was dependent on the 
concentration of the growth regulator. The auxin 2,4-D gave the most positive 
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results in tenns of morphological changes in the explant. Cell proliferation within 
the explant was observed as a visible swelling that occurred at concentrations greater 
than 5.0 1lM, and curling which occurred at 1.0 IlM and 50.0 1lM. Browning of 
tissue, as a result of necrosis, was observed at 100 IlM BAP and at 50 IlM 2,4-D. 
Explants displayed minimal response to both IBA and to NAA when used 
individually, with only elongation of explants after eight weeks at all concentrations 
tested. 
The auxins 2,4-D and NAA were tested in combination with the cytokinin BAP. 
When used in combination, NAA and BAP induced elongation but no swelling or 
curling of tissues at the concentrations tested. Elongation occurred at all 
concentrations of the BAP and 2,4-D combinations tested, but occurred in a smaller 
proportion of explants as the concentration of 2,4-D increased (Figure 5.3b). 
Responses to combinations of BAP/ 2,4-D application included elongation, curling 
and swelling of tissue (Figure 5.3c). Responses to the growth regulators were 
generally enhanced at lower BAP and higher 2,4-D concentrations, except at 20 IlM 
and 50 IlM 2,4-D at which tissue browning, followed by mortality, was greater 
(Table 5.7). There were significant differences (p < 0.01) in the elongation and 
curling responses among explants cultured at different BAPI2,4-D concentrations. 
Swelling was not significantly different (p = 0.06) at the concentrations tested. 
Callus was induced in modified Yz MS supplemented with 0.1 IlM BAP and 5.0 IlM 
2,4-D after 12 weeks in culture (Figure 5.3,e,f). An outline of the final protocol is 
presented in Table 5.8. 
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Figure 5.3. Establishment of explants and development of callus of Xanthorrhoea 
australis on modified half-strength Murashige and Skoog medium at 24°C in the 
dark. a. Elongation of leaf bases used as an explant source for callus initiation two 
weeks after initiation. Explants were cultured on Yz MS supplemented with 1.0 J.!m 
2,4-D and 0.2 J.!m BAP. Scale bar = 1 em; b. Elongation of X australis leaf base on 
medium supplemented with 1.0 J.!m 2,4-D and 0.2 J.!m BAP four weeks after 
establishment of explant. Scale bar = 2 mm; c. Deformation and swelling (arrow) of 
explant grown on medium supplemented with 1.0 J.!m 2,4-D and 0.2 J.!m BAP four 
weeks after initiation. Scale bar = 2 mm; d. Induction of callus on medium 
supplemented with 0.2 J.lM BAP and 1.0 J.!M 2,4-D twelve weeks after explant 
establishment. Scale bar = 1 mm; e. Scanning electron micrograph of callus surface. 
Scale bar = 10 !lm; f. Surface of callus ( arrow) viewed under the light microscope. ca 
= callus. Scale bar = 500 J.lm. 
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Table 5.6 The response of X. australis leaf base explants to the auxins 2,4-
Diochlorophenoxyacetic acid (2,4-D), 4-[3-indole] butyric acid (IDA) and 
naphthalene acetic acid (NAA) and the cytokinin 6-benzylaminopurine (BAP) eight 
weeks after initiation. Data indicates elongation (E), curling (C), swelling (S) and 
browning (B) observed. Explants were cultured on modified half-strength Murashige 
and Skoog medium supplemented with various concentrations of NAA, IDA, 2,4-D 
and BAP used individually. 
2,4-D NAA IDA BAP 
(1lM) 
Response 
(1lM) 
Response 
(1lM) 
Response 
(1lM) 
Response 
0.2 E a 10.0 E 0.05 E 1.0 E 
0.5 E 20.0 E 0.25 E 5.0 E 
1.0 E; C b 50.0 E;S 5.0 E 20.0 E;S 
5.0 E; S C 100.0 E 50.0 E;S;C 
10.0 E;S 100.0 E;B 
20.0 E;S;C 
50.0 E· Bd , 
a E = elongation 
be = curling 
c S = swelling 
dB = browning (necrosis) 
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Table 5.7 Response of Xanthorrhoea australis leaf base explants to 6-benzylaminopurine (BAP) and 2,4-diochlorophenoxyacetic acid (2,4-
D) on modified half-strength Murashige and Skoog medium in the dark at 24°C. Responses included elongation (E), swelling (S) and curling (C). 
Data indicate the percentage of explants displaying the given response. Elongation and curling were significantly different between BAP / 2,4-D 
concentrations (p < 0.01). Swelling was not significantly different between treatments (p = 0.06). 
2,4-D (~) 
1.0 5.0 10.0 20.0 50.0 
Time BAP IE C S E C S E C S E C S E C S 
(/AM) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 
0.5 58 7 0 60 35 0 60 45 0 46 13 0 8 25 1 
4 weeks 2.0 64 0 0 54 15 0 48 1 0 42 1 0 4 0 0 
5.0 44 1 0 48 31 0 46 25 0 2 0 0 7 4 0 
0.5 63 25 0 63 41 12 63 45 6 49 13 2 9 25 2 
8 weeks 2.0 61 1 0 55 17 2 55 5 0 45 3 0 8 0 0 
5.0 47 1 0 51 33 0 55 35 0 21 0 0 10 5 0 
0.5 63 41 2 61 43 14 63 47 6 49 13 22 9 0 2 
12 weeks 2.0 61 15 0 55 17 2 55 5 0 41 3 0 8 2 0 
5.0 53 1 0 49 43 0 49 37 0 21 1 0 2 0 0 
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Table 5.8 Final concentrations of ingredients for medium used for 
establishment of callus of Xanthorrhoea australis. All ingredients except the 
antibiotics and growth regulators were dissolved in one litre of distilled water and 
the pH adjusted to 5.7. The antibiotics and growth regulators were added through a 
syringe filter (0.2 /!m) after autoclaving. 
Ingredient 
Murashige and Skoog medium 
Thiamine 
Sucrose 
Casein enzymatic hydrolysate 
Polyvinyl pyrrolidine 
Phytagel 
Agar 
Cefotaxime 
Rifampicin 
BAP 
2,4-D 
Concentration 
2.2 g.L-1 
0.4 m g.L-1 
30 g.L-1 
1 g.L-1 
1 g.C1 
2 g.L-1 
4 g.L-1 
10 mg.L-1 
50 mg.C1 
0.1 !JM 
5.0 !JM 
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5.4.6 Cell suspension cultures 
Cell suspension cultures of X. australis were successfully established from callus 
cultures in modified liquid half strength Murashige and Skoog medium 
supplemented with 1.0 IlM 2,4-D and 0.2 J..lM BAP (Figure 5.4). Cells were 
elongated and appeared as single cells or clusters in suspension. A number of 
aggregates from the piece of callus used for initiation of cell cultures remained in 
the culture. Cell walls were intact and nuclei and cellular organelles were visible. 
Cytoplasmic streaming could be observed in living cells. Following subculture of 
cells, the percentage of viable cells in suspension cultures declined from 88% to 
70% over the first 24 hours (Figure 5.5). 
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n 
b 
Figure 5.4. Light micrographs of single cells of Xanthorrhoea australis cultured 
in modified half-strength Murashige and Skoog medium supplemented with 1.0 JlM 
2,4-D and 0.2 JlM BAP at 24°C, in the dark for three days. a. Cluster of cells in 
suspension. Scale bar = 100 Jlm; h. Single cells in suspension with nucleus and 
plastid-like organelles visible. n = nucleus. Scale bar = 40 Jlm. 
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Figure 5.5. Viability of Xanthorrhoea australis cells grown in suspension 
cultures. Cell viability was detennined using the Evan's Blue exclusion test 
(Dixon, 1985). Cells were subcultured and samples taken from each of three 
culture flasks at 0, 6, 12, 18 and 24 hours following subcultures. The experiment 
was repeated on three separate occasions. Cells were cultured from callus in 
modified half-strength Murashige and Skoog liquid medium supplemented with 1.0 
~M 2,4-D and 0.2 ~M BAP and incubated at 24°C in the dark on an orbital shaker 
at 110 rpm. 
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5.5 DISCUSSION 
Callus and cell suspension cultures of X. australis were successfully established 
using leaf bases of mature (approximately five year old) plants. While protocols for 
tissue culture of native Australian plant species have been developed, this is the first 
reported attempt at in vitro culture of X. australis. 
Callus cultures were initiated and multiplied using solid modified Y2 MS medium. 
Cell cultures were then established from callus pieces in liquid modified Yz MS 
medium. MS medium has previously been used at both full and half strength for 
culture of native plants (Taji and Williams, 1996). Antibiotics were added to the 
basal medium to reduce contamination. Antibiotics used included cefotaxime, 
which eliminates woody plant bacteria, in combination with rifampicin. Antibiotics 
were not used in cell suspension cultures to ensure cultures were free of 
contaminating organisms, to prevent misrepresentation of the infection process in 
future inoculation experiments with P. cinnamomi and to avoid a reliance on 
antibiotics to maintain clean cultures. 
The leaf base from the mature X. australis proved to be the most successful source 
of explant and elongation occurred in a large proportion of explants. Explants from 
young seedlings three months of age died rapidly in vitro. Embryos and roots of 
mature plants also were unsuccessful as a source of explant. Leaf bases have been 
used previously for micropropagation of the arborescent monocotyledon Dasypogon 
hookeri 1. Drumm. (pineapple lily) (Bunn and Dixon, 1992). 
Leaf bases may have been the most successful source of explant because the tissue 
was young, absent of chlorophyll and actively growing in the plant. Seasonal 
effects were also observed. Although data for this was not recorded, callus 
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initiation was observed to be more successful in explants obtained in autumn. Such 
characteristics may be attributed to the physiological status of the plant during this 
time as autumn rains encourage new growth. Alternatively, X. australis flower in 
spring and energy may be directed at floral initiation and development rather than 
leaf growth, and thus the leaf bases are more difficult to culture. Similar seasonal 
effects have been observed previously. Tynan (1994) found a larger number of 
Banksia developed in vitro in spring than in autumn, coinciding with the new 
growth in the plants. Anthony et ai. (2000) also observed variability among 
Epacris impressa Labill. (Victorian heath) explants from different plants in their 
response to culture. These factors require further investigation and must be 
considered when establishing in vitro cultures of X. australis. 
Explants derived from meristematic tissue showed no response to culture, and were 
difficult to sterilise and, as a consequence were commonly contaminated. The 
failure of meristematic tissue to establish in vitro was unexpected as it was thought 
that the dividing cells in this region would form a good basis for callus initiation. 
The difficulty in sterilising these tissues, and consequential high levels of 
contamination, may have contributed to the lack of success with this tissue as a 
source of explant. 
Procedure D (refer to Table 5.1) proved to be the most successful sterilisation 
method. The meristematic tissue was difficult to sterilise as it is highly textured, 
and close to the soil environment as a result of the contractile roots of X. australis. 
Inner leaf bases were relatively easy to sterilise as they were protected by a whorl of 
outer leaves, and were generally not exposed to the external environment. X. 
australis leaves are also glaborous thereby facilitating sterilisation. At 
concentrations of 2% sodium hypochlorite leaf tissue was 'burnt'. Anthony et al. 
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(2000) found E. impressa to be extremely sensitive to sodium hypochlorite, with 
burning observed at concentrations greater than 0.5%. 
To induce callus the medium was supplemented with growth regulators. Rooting is 
favoured by high auxin: cytokinin ratios, while the reverse induces shoot 
morphogenesis. The combination of NAA and BAP had little effect on explants 
and following preliminary trials further testing for initiation of callus was conducted 
with combinations of 2,4-D and BAP which showed more promising results, 
including elongation, swelling and curling of tissue. As concentrations of 2,4-D 
increased fewer explants became elongated. This is attributed to concentrations in 
excess of the plant's tolerance levels. Responses to combinations of BAP and 2,4-
D were most promising as the BAP / 2,4-D ratio decreased (i.e. higher 2,4-D 
relative to BAP) up to concentrations of 2,4-D greater than 20 ~ at which explant 
tissue became brown suggesting that at this concentration 2,4-D was detrimental to 
the plant tissue. 
Differences in the elongation and curling responses among explants cultured at 
different BAP / 2,4-D concentrations were observed. This may be attributed to 
variation in plants from which the explants were obtained (Anthony et al., 2000), or 
alternatively in the season that plants were harvested in the field (Tynan, 1994). 
Alternatively, the curling observed in some explants may be due to the way in 
which the explant was cut, and the uptake of nutrients and growth regulators from 
the medium. Uptake on one side of the explant may induce growth on that side 
causing the tissue to bend and curl toward one direction. Swelling of explants did 
not differ significantly at the concentrations tested. It is likely that over a longer 
period of time the effect on swelling may be significant among explants, as this was 
the slowest of the responses to develop. 
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Callus was induced in modified Yz MS supplemented with 0.1 ~ BAP and 5.0 ~ 
2,4-D after 12 weeks in culture. The length of time taken for callus development 
may be a reflection of the slow-growing nature of X. australis. The annual growth 
rate of X. australis is estimated to be between 1.4 and 1.5 cm (Staff, 1970). In the 
native Australian species Anigozanthos flavidus D.C. callus was initiated after eight 
weeks (McIntyre and Whitehome, (1974). Callus cultures of Nicotiana tabacum 
(tobacco), commonly used in plant tissue culture, develop within four weeks and in 
Medicago sativa L., (alfalfa), callus is derived within 4 to 6 weeks of initiation 
(Dixon, 1985). 
Cell suspension cultures of X. australis were established rapidly from callus. 
Suspension cultures can vary greatly in the level of cell dispersion obtained, many 
comprising cell aggregates up to several millimetres in diameter (Doran, 1996). In 
the present study X. australis suspensions consisted of a combination of single cells 
in solution and cell aggregates up to 3 mm in diameter. A high proportion of cells 
(70%) remained viable in suspension cultures for 24 hours. 
Cell suspension cultures developed in this study will be used to examine the cellular 
response to infection of X. australis by P. cinnamomi. Furthermore, the cultures 
will facilitate investigation into the mode of action of the fungicide phosphonate 
used in the control of P. cinnamomi, and to examine how this fungicide alters the 
host defence response. 
While this study developed protocols for callus and cell cultures of X. australis, 
further manipulation of growth regulators in the medium could induce shoot and 
root formation and the establishment of micro-propagated plants. Callus formation 
is the primary stage in plant tissue culture (Doran, 1996). Recently there have been 
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reports of X. australis regenerating and recolonising old dieback disease areas in the 
BRNP and GRNP (Weste, 1997; Weste et ai., 1999). Regeneration of X. australis 
occurred even in plots from which P. cinnamomi could still be isolated. Whether 
these plants are resistant to the pathogen has not been determined. It is also 
possible that factors such as a decline in pathogen numbers, changes in 
pathogenicity of the pathogen, or changes in the environment may have contributed 
to the regeneration of susceptible plant species. However, if X. australis plants 
from the BRNP and GRNP proved to be more tolerant to the pathogen following 
resistance screening, the protocols developed in the current study could form the 
basis for development of micropropagation protocols for the establishment of 
resistant lines for revegetation programs. 
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CHAPTER 6. CELLULAR RESPONSES OF XANTHORRHOEA 
AUSTRALIS INFECTED BY PHYTOPHTHORA CINNAMOMI 
FOLLOWING PHOSPHONATE TREATMENT 
6.1 ABSTRACT 
Phosphonate has been shown to induce defence responses in normally susceptible 
plant species following pathogen challenge. This study investigated the effect of 
phosphonate on the response to infection by P. cinnamomi in X. australis cell 
cultures and seedlings. Histopathology of the interaction was examined at the tissue 
and cellular levels using light microscopy and transmission electron microscopy. No 
response to phosphonate treatment was observed prior to inoculation of plant tissues, 
suggesting that the host defence response is induced following pathogen challenge. 
Lesion extension was restricted in phosphonate treated seedlings infected with P. 
cinnamomi and this was associated with a reduction in colonisation of root tissues. 
Phosphonate also induced the production of phenolic compounds in cells adjacent to 
infected cells, in both cell suspensions and seedlings. Lignification of cell walls in 
close proximity to invading hyphae was observed in roots of treated X. australis 
seedlings in response to infection by P. cinnamomi. It is proposed that the host 
responses observed in the present study contribute to restricting pathogen invasion 
and that they occur in association with additional, as yet undetermined, biochemical 
processes. This study is the first to examine the effect of phosphonate on the 
interaction between P. cinnamomi and X. australis at the cellular level, and it 
provides evidence of anatomical and biochemical responses in the phosphonate-
treated host upon invasion by P. cinnamomi. 
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6.2 INTRODUCTION 
In recent decades phosphonate has been established as an effective agent in the 
control of diseases caused by Oomycetous plant pathogens (Guest and Grant, 1991; 
Hardy et ai., 2001). Phosphonate is a systemic fungicide, and following application 
to the plant the break-down product phosphite is translocated through xylem and 
phloem, emulating the source-sink relationship of photoassimilates (Barchietto et ai., 
1992; d' Arcy-Lamenta and Bompeix, 1991; Saindrenan, 1988). Despite numerous 
studies demonstrating the ability of phosphonate to control Phytophthora diseases in 
both commercial crop plants and native Australian plants (Ali and Guest, 1998; Ali 
et aI., 1999; Anderson and Guest, 1999; Komorek et ai., 1994; Washington et ai., 
2001; Whiley et aI., 1986; Wilkinson et ai., 2001a) the mode of action of the 
fungicide, particularly in native Australian plant species, is still not completely 
understood. It is proposed that at high concentrations the fungicide acts directly to 
inhibit pathogen growth, while at lower concentrations the plant's defence system is 
indirectly stimulated as a consequence of changes in pathogen metabolism (Fenn and 
Coffey, 1989; Guest, 1984; Grant and Guest, 1991; Jackson et aI., 2000; Perez et ai., 
1995; Smith et ai., 1997). 
Xanthorrhoea australis is highly susceptible to infection by Phytophthora 
cinnamomi. Whilst numerous studies have examined the leaf and stem structure of 
Xanthorrhoea species (Staff, 1968, 1974, 1975) limited work has been conducted on 
the root anatomy of the species, or its infection by P. cinnamomi (Ali and Guest, 
1998; Cahill et aI., 1989). A detailed understanding of the anatomy of the host plant 
is essential for further investigation of the action of phosphonate in the plant's 
response to infection and the effect on the host response to pathogen invasion. 
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Cell suspension cultures provide a unique system for the investigation of host-
pathogen interactions. They avoid many of the complexities of whole plants. Cell 
culture systems are comprised of morphologically and physiologically similar cells, 
they eliminate complications resulting from contaminating organisms and enable 
host material to be grown under defined, controlled replicable conditions (Helgeson 
et al., 1972). Cell suspension cultures thereby provide a system which is ideal for 
investigating the mode of action of phosphonate and its effect on host defence. 
Perrone et al. (2000) developed a system to investigate the host-pathogen interaction 
between Nicotiana tabacum and Phytophthora nicotianae. They found gene-for 
gene specificity was maintained in excised stems, detached leaf strips, intact 
seedlings, callus and cell cultures of N. tabacum. Cellular events in suspended cells 
following challenge with zoospores were comparable to those observed in 
hypocotyls. This accentuates the uniformity between cell cultures and whole plants, 
making this a highly informative system for the investigation of host-pathogen 
interactions. McComb et aI., (1987) assessed resistance of native Australian plants, 
including Acacia pulchella R. Br. and Eucalyptus marginata Smith toward P. 
cinnamomi using callus cultures and found the responses to correlate well with those 
observed in planta. 
There are few published studies detailing the events in infection of X. australis by P. 
cinnamomi. Cahill et al. (1989) demonstrated rapid penetration and colonisation of 
X. australis by P. cinnamomi. Initial growth into the epidermis was intercellular, 
followed by both intercellular and intracellular growth through cortical tissues. 
Cellular events were typical of those observed in susceptible interactions; cell 
protoplasts shrunk and became granulated, and cell walls became distorted. 
Subsequent lesion development and browning of roots was observed at 15 hours, 
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followed by chlorosis and collapse of the entire plant by 72 hours. Common 
responses of host plants to infection by P. cinnamomi include deposition of phenolic 
material, cytoplasmic granulation, shrinkage of protoplasts and disruption of the cell 
wall. In resistant species containment of the pathogen is enhanced by lignification of 
the cell walls, and formation of callose papillae (Cahill et al., 1989; Jang and Tainter, 
1990a; Tippett and Malajczuk, 1979; Tippett et aI., 1976; Tynan., 1994). 
Phosphonate has been demonstrated to control disease due to P. cinnamomi in X. 
australis by induced host defence responses. Ali and Guest (1998) demonstrated a 
reduction in the extension of lesions following infection of phosphonate treated X. 
australis seedlings. Jackson et al. (2000) reported enhanced levels of defence 
enzymes of the phenylpropanoid pathway, and an increase in phenolic compounds in 
E. marginata treated with phosphonate following infection by P. cinnamomi. 
Phosphonate has also been reported to alter host defence responses in other plant 
species infected with Oomycetous pathogens. Guest (1986) reported modification of 
the defence system in tobacco seedlings treated with fosetyl-AI upon infection by 
Phytophthora nicotianae var. nicotianae. More recent studies report phytoalexin 
accumulation, increases in phenylalanine ammonia lyase activity and ethylene 
biosynthesis following infection of tobacco by P. nicotianae var. nicotianae 
(Nemestothy and Guest, 1990). Responses observed in susceptible cultivars treated 
with fosetyl-Al were comparable to those observed in resistant cultivars (Perrone et 
al.,2000). 
The current study is the first to examine in detail the effect of phosphonate on the 
interaction between X. australis and P. cinnamomi. The objective of the current 
study was to investigate the effect of phosphonate on the anatomical and biochemical 
changes involved in the host-defence response in X. australis following infection by 
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P. cinnamomi to enhance our understanding of how this fungicide acts to stimulate 
host defence responses. 
6.3 MA TERIALS AND METHODS 
6.3.1 Establishment of X. australis cell suspension cultures 
Cell cultures of X. australis were established from callus as described in Chapter 5. 
Briefly, to initiate cell suspension cultures, actively growing callus (approximately 5 
mm in diameter) was transferred to 20 ml of modified Yz MS broth in sterile 250 ml 
polycarbonate Erlenmeyer flasks (Crown Scientific, Melbourne, Australia). Cultures 
were incubated on an orbital shaker (100 rpm) at 24°C in the dark. Cell suspensions 
were subcultured (refer to section 5.3.4) three days before challenging with 
zoospores to ensure cells were in similar physiological conditions for each 
experiment and to reduce the proportion of damaged cells present in the culture as 
they may interfere in the interaction with zoospores. 
6.3.2 Production of inoculum and inoculation 
Zoospores of P. cinnamomi were produced as described in section 2.3.5.1. Isolate 
DU026, obtained from diseased roots of X. australis from Wilson's Promontory 
National Park, Victoria, Australia, was used in all inoculations. Zoospore numbers 
were determined using a haemocytometer, and the concentration adjusted to 8 x 103 
spores.mr! with sterile distilled water (SDW) for inoculation of X. australis cells, 
callus tissue and seedlings. Callus and cell cultures were inoculated with SDW was a 
control. 
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6.3.3 Preparation of cell cultures for inoculation 
Due to the presence of several larger cell aggregates in suspension, some up to 3 mID 
in diameter, cells were pre-treated with pectinase prior to inoculation with p. 
cinnamomi zoospores. This followed preliminary trials with varying concentrations 
of both pectinase and macerozyme to determine which most successfully separated 
cells. Pectinase separated cells and provided for a more homogeneous cell 
suspension. 
Cells were prepared for inoculation by aliquoting 500 ~ of suspension from the 
culture flask into a sterile 1 ml micro test-tube (Eppendorf, Hamburg, Germany) and 
adding 500 ~ of 2% aqueous pectinase solution to give a final pectinase 
concentration of 1 %. The mixture was incubated for 3 hours on an orbital shaker at 
110 rpm at 24 DC in the dark to separate the cells. Following this, the cells were 
centrifuged at 3200 rpm for 1 minute. The supernatant was decanted and 1 ml of 
SDW added. The cells were brought into suspension by gently rolling the tube, and 
then the mixture was centrifuged again. Cells were washed three times in SDW. 
6.3.4 Inoculation of callus and cell suspensions 
Callus cultures grown on modified Yz MS medium at 24DC (refer to sections 5.4.3 
and 5.4.6.) were inoculated by placing 10 /-ll of zoospore suspension in the centre of 
each lump after which cultures were incubated at 24 DC in the dark. 
To inoculate X. australis cells 200 /-ll of the cell suspension was transferred to a 
microscope slide and 20 Jll of zoospore suspension added. The slide was left in the 
dark for 60 minutes to allow movement of zoospores toward the cells and subsequent 
encystment. A coverslip was gently placed onto the drop so as not to disrupt host-
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pathogen contact. Initially, the coverslip was applied immediately following 
inoculation however this appeared to inhibit the zoospores from moving toward the 
host cells. Slides were incubated at 18°C in a sealed plastic container lined with 
moist paper towel. Slides were balanced on wooden skewers to prevent them from 
touching the paper towel. 
6.3.5 Application of phosphonate to cell cultures 
Potassium phosphonate (phosphonate) solutions were prepared from a 20% w/v Foli-
R-Fos 200 stock solution (UIM Agrochemicals Australia Pty Ltd, Queensland, 
Australia) containing phosphorous (phosphonic) acid present as mono di-potassium 
phosphite. Control treatments (0 g.L'I) were comprised of distilled water. Following 
subculture of suspension cultures as described in section 6.3.1, phosphonate was 
added to the cultures through a 2 Jlll1 syringe filter (Sterile Acrodisc®, Gelman 
Sciences, MI, USA) at the following concentrations: 0 g.L,I, 1 g.L,1 and 2 g.L'I. The 
suspension was left to equilibrate for two hours prior to preparing cells with 
pectinase and inoculation. 
6.3.6 Viability of X. australis cells 
Viability of cells treated with phosphonate was determined using the Evan's Blue 
exclusion test (Dixon, 1985) as described in section 5.3.7.1. Prior to staining cells 
were prepared with pectinase and washed in SDW as described in section 6.3.3. One 
hundred cells were counted for each phosphonate (0 g.L,I, 1 g.L,1 and 2 g.L'I) 
treatment and the number of viable and dead cells determined. The experiment was 
conducted three times for each phosphonate treatment. Viability assays in this study 
were determined using cells maintained on microscope slides rather than cells 
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obtained from culture as in Chapter 5 (refer to section 5.3.8). Cells were also viewed 
microscopically under UV light to assess viability. 
6.3.7 Quantification of infection of X. australis cells 
Infection was monitored on three replicate slides 12 hours post-inoculation. Three 
hundred cells were counted and the number of infected cells recorded. The 
percentage of infected cells was then determined. This was repeated three times each 
for 0 g.L-1, 1 g.L-1 and 2 g.L-1 phosphonate. 
6.3.8 The effect of phosphonate on cellular responses to infection by P. 
cinnamomi 
Cells were treated with 0 g.L-1 and 1 g.L-1 phosphonate as described in section 6.3.5 
and inoculated with zoospores of P. cinnamomi as described in sections 6.3.2 and 
6.3.4. Following inoculation, cells were monitored for responses to the pathogen. 
The number of brown / phenolic cells, and the number of cells displaying 
cytoplasmic degradation were recorded in uninoculated and inoculated, treated and 
untreated cultures. The number of hyphae within 50 IlII1 of a cell was also recorded. 
6.3.9 X. australis seedlings 
X. australis seedlings used in the histological study were raised from seed in 
vermiculite and transplanted to potting mix (Gardner's Choice Premium Blend 
Potting Mix, Kmart Australia Ltd. Victoria, Australia) in forestry tubes as described 
in section 5.3.1.1 (Figure 6.1a). Seedlings used in experiments were between four 
and six months old (Figure 6.1 b). At least four weeks prior to the beginning of 
experiments, seedlings were transferred to vermiculite in polyvinyl chloride (PVC) 
root plant boxes (Cahill, 1986) in a growth room (Figure 6.1c). Plant boxes had a 
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removable face under which a piece of translucent plastic sheeting was taped to 
enable easy observation of, and access to, roots (Figure 6.1d, e, f). PVC plant boxes 
were stacked in plastic tubs at an angle of 200 with the removable face positioned 
downward to encourage root growth close to this side. Plants were maintained under 
a 12:12 hour light: dark regime (two 400 watt sodium vapour lights), at 21°C and 
70% humidity. Plants were watered twice a week; once with tap water, and once 
with Maxicrop® nutrient solution (Multicrop Australia Pty Ltd. Victoria, Australia) at 
the recommended concentration for native plants. 
6.3.10 Application of phosphonate to X. australis seedlings 
Potassium phosphonate (phosphonate) was applied to plants to runoff as a foliar 
spray at the following concentrations: 0 g.L-1, 1 g.L-1 and 2 g.L-I • Phosphonate 
solutions were prepared from a 20% w/v Foli-R-Fos 200 stock solution. Each 
phosphonate solution was mixed with 2.5 g.L-1 Biotrol oil (Gullf Ag Pty Ltd, 
Victoria, Australia) containing 835 g.L-1 emulsifiable vegetable oil. Control 
treatments (0 g.L-1) were comprised of Biotrol oil with distilled water. A hand-held 
pressure sprayer (Hills Master Sprayer, Hills Industries Ltd, South Australia, 
Australia) was used to apply the phosphonate solution. 
Chapter 6: Responses in X. australis infected by P. cinnamomi following phosphonate treatment 208 
Figure 6.1. Cultivation of Xanthorrhoea australis for use in histopathological 
studies. a. X australis seedlings in forestry pots, approximately two months old; h. 
Three month old X australis seedlings in polyvinyl chloride (PVC) plant boxes; c. 
Six-month-old seedlings in PVC plant boxes. Seedlings were used in experiments at 
this age. d. Six month old seedling in PVC plant box with removable front to enable 
root inoculation and observation; e. Root system of X australis with arrow indicating 
the contractile root which was inoculated. Scale bar = 0.5 cm; f. X australis root 
easily viewed upon removal of front face of plant box. Arrow indicates roots for 
inoculation. Scale bar = 1 cm. 
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6.3.11 Effect of phosphonate on lesion development in X. australis seedlings 
A preliminary trial was conducted to detennine the rate and extent of lesion 
development in X. australis following application of phosphonate. Phosphonate was 
applied to three month old X. australis seedlings at 0 g.L-1, 1 g.L-1 and 2 g.L-1 as 
described in section 6.3.10. P. cinnamomi zoospores, prepared as described in 
section 6.3.2., were used to root inoculate seedlings 10 days after phosphonate 
application. Lesion length was measured 24, 48 and 72 hours post inoculation. 
6.3.12 Inoculation and sampling regimes for examination of X. australis roots 
following treatment with phosphonate and inoculation with P. cinnamomi 
The mode of action of phosphonate in X. australis seedlings following inoculation 
with P. cinnamomi was investigated using light microscopy (LM) and transmission 
electron microscopy (TEM). Roots of X. australis were examined in the following 
seedlings: (a) untreated, uninoculated seedlings; (b) untreated, inoculated seedlings; 
(c) phosphonate treated uninoculated seedlings; and (d) phosphonate treated, 
inoculated seedlings. Callus tissue was also prepared for examination by light 
microscopy. 
Seedlings were inoculated one, five and 10 days after spraying with phosphonate. A 
piece of Parafilm® (American National Can, WI, USA) was placed under the root 
and 25 M-I of the diluted zoospore suspension applied to the root tip using a sterile 
pipette. Roots were left for 30 minutes in the dark to allow for encystment of 
zoospores. The Parafilm was then removed and the cover replaced on the plant 
boxes. Roots were misted regularly during inoculation to prevent desiccation. 
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Roots were sampled 6, 12, 24, 48, 72 and 96 hours after inoculation. The roots of 
seedlings were cut into 3 mm segments from the root tip up to 24 mm using a 
double-sided razor blade (Schick, Amsterdam, Holland). Segments were cut by placing 
the root in a drop of 2.5% glutaraldehyde in 0.1 M Piperazine-N, N' -bis [2-
ethanesulfonic acid] (PIPES) buffer (Sigma Chemical Company, MO, USA) 
(Appendix A-15) on dental wax to prevent air from entering the plant tissue and 
ensure better fixation (pers. comm. Jocelyn Carpenter, School of Botany, The 
University of Melbourne, Parkville, Victoria, Australia). Tissue was then 
immediately transferred to 2.5% glutaraldehyde using a Pasteur pipette so that the cut 
tissue remained in contact with the 2.5% glutaraldehyde at all times. 
The region 3 to 6 mm from the root tip (the second segment from the tip) was 
examined because the zone of elongation just above the root tip is where infection by 
P. cinnamomi predominantly occurs and therefore where the primary response will 
occur (Dell and Malajczuk, 1989; Tippett et aI., 1976; Zentmyer, 1980). X. australis 
forms a main contractile root in addition to adventitious roots. All experiments and 
observations presented here utilised the contractile root. Roots from three plants 
were sampled for each treatment. The experiment was conducted in duplicate. 
6.3.13 Fixation of X. australis root segments 
All tissue segments were fixed by placing them in 2.5% glutaraldehyde in 0.1 M 
PIPES overnight at room temperature (Pers. Comm. Jocelyn Carpenter, School of 
Botany, The University of Melbourne, Parkville, Victoria). 
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6.3.14 Embedding of X. australis tissue in Spurr's Resin 
Glutaraldehyde fixed tissue was embedded in Spurr's epoxy resin (ProSciTech 
Microscopy PLUS, Queensland, Australia). Spurr's resin consisted of 11.5 g vinyl 
cyc10hexane dioxide (VCD), 7 g diglycidyl ether of polypropylene glycol (DER 
732), 31 g nonenyl succinic anhydride (NSA) and 0.5 g dimethylaminoethanol 
(DMAE). The VCD, DER 732 and NSA were weighed out and gently mixed to 
avoid formation of air bubbles. The DMAE was then mixed in and the resin left to 
stand overnight prior to use. Resin was stored at -20°C. 
Following fixation in glutaraldehyde, tissue was rinsed three times, for 15 minutes 
each, in 0.1 M PIPES buffer, pH 7.2. The samples were then post-fixed in 1% 
osmium tetroxide (ProSciTech Microscopy PLUS, Queensland, Australia; Appendix 
A-16) for 2 hours. The osmium tetroxide was removed and tissue rinsed three times 
in 0.05 M PIPES buffer, pH 7.2, for 15 minutes. Samples were then dehydrated in an 
ascending series of acetone/distilled water as follows for at least 15 minutes each 
step: 5%, 10%, 20%, 50%, 70% and 90% acetone. Finally samples were brought to 
100% acetone dried on a molecular sieve, by transferring to fresh acetone twice for 
15 minutes each. 
Tissue samples were then infiltrated in an ascending series of Spurr's / acetone 
solution by gradually adding 25% Spurr's in acetone over 2 hours, then adding 50% 
Spurr's in acetone over 2 hours to double the initial volume. The tissue was then 
transferred to fresh 50% Spurr's in acetone. After 2 hours this was exchanged with 
75% Spurr's in acetone and left overnight. Finally, the tissue was transferred to fresh 
100% Spurr's resin. This was repeated three times over 48 hours. Samples were 
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polymerised overnight at 70°C in flat embedding moulds (ProSciTech Microscopy 
PLUS, Queensland, Australia). 
6.3.15 Poly-I-lysine coating of microscope slides 
To provide an adherent surface for thin-sections microscope slides were coated with 
0.1 mg.mr l poly-I-lysine (Sigma Chemical Company, MO, USA) by placing a drop 
of the poly-I-lysine solution, onto a slide previously cleaned with 100% ethanol, and 
spreading the drop evenly across the slide using the edge of another slide (Polak and 
Van Noorden, 1986). Coated microscope slides were left to dry prior to use. 
6.3.16 Mounting and staining of sections for light microscopy 
For examination by light microscopy, semi-sections (5 J.lIl1 thick) of embedded tissue 
were cut with glass knives using a microtome (Leica Ultracut, Leica. Lasetechnick 
GmbH, Heidelberg, Germany). Sections were placed in a drop of filtered (0.2 J.lIl1) 
distilled water on poly-I-Iysine-coated slides and gently dried at 60°C on a hot plate. 
Hand-sections of fresh material were stained with Phloroglucinol/HCI for 
examination of lignin (Schneider, 1981). 
Prior to staining of semi-sections, Spurr's Resin was removed from sections by 
dipping slides in a saturated sodium hydroxide solution (Appendix A-17) for 3 
minutes (Pers. Comm. Dr Megan Klemm, School of Botany, University of 
Melbourne). Slides were then rinsed in distilled water and left to dry at room 
temperature. Spurr's embedded sections were stained for LM using Methylene Blue 
- Azure A - Basic Fuchsin (MAB) as a general polychromatic stain (Ruzin, 1999), 
and Toluidine Blue 0 (TBO), pH 11 (Ruzin, 1999), for polyphenolics. Aniline Blue 
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(Ruzin, 1999) was initially used for callose but was found to stain remaining resin in 
the section, thus distorting results. 
After staining, sections were rinsed in filtered distilled water, dried and mounted in 
DPX Mounting Medium (DPX) (ProSciTech Microscopy PLUS, Queensland, 
Australia) to produce permanent mounts. Sections were mounted by applying a drop 
of DPX to a coverslip. The slide was then lowered onto the drop of DPX so as to 
cover the section. The slide was turned over and the coverslip pressed down to 
spread the DPX under the coverslip. Slides were left to dry for a week to allow the 
DPX to harden. 
6.3.17 Light Microscopy and Photomicrography 
A compound microscope (Axioskop Zeiss Pty Ltd., Carnegie, Victoria) was used to 
examine stained tissue sections. Images were recorded using a digital camera (Spot 
RT Slider, SciTech Pty Ltd, Preston South, Victoria, Australia). 
6.3.18 Mounting and staining of sections for transmission electron microscopy 
For examination by TEM, 1 l...Im thin sections were cut from embedded tissues using 
glass knives on a microtome (Leica Ultracut, Leica Lasetechnick GmbH, Heidelberg, 
Germany) and mounted on hexagonal copper grids (200 mesh) (ProSciTech 
Microscopy PLUS, Queensland, Australia). Grids were stained with 5% uranyl 
acetate and lead citrate using a method adapted from that of Reynolds (1963). 
Briefly, grids were stained in uranyl acetate for 25 to 30 minutes then rinsed three 
times in 70% ethanol and twice in cooled, boiled distilled water. The grids were then 
stained with lead citrate for 2 Y2 minutes and rinsed twice in boiled distilled water 
(pers. comm. Ingrid Bonig, School of Botany, University of Melbourne, Parkville, 
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Victoria, Australia). Grids were air-dried overnight at room temperature (21 DC) 
before examining with a TEM (Philips. Eindhoven, The Netherlands). TEM 
photomicrographs were recorded on Ilford black and white film (Ilford Imaging 
Switzerland GmbH, Marly 1, Switzerland). 
6.3.19 Scanning electron microscopy 
Scanning electron microscopy (SEM) was conducted as described in section 5.3.9. 
6.3.20 Data analysis 
Cell viability data were examined for outliers and normality. Transformations were 
performed where required for the use of parametric tests (Dytham, 1999). One-way 
ANOV As and the Least Significant Difference (LSD) test (p = 0.05) were used to 
test for differences between data. Analyses were performed using SPSS® Base 10.0 
statistics software (SPSS Inc. Headquarters. Illinois, USA). 
6.4 RESULTS 
A summary of the timing of the events following inoculation with P. cinnamomi of 
the various X. australis tissues is presented in Table 6.1. 
6.4.1 Infection of X. australis callus by P. cinnamomi 
Hyphae of P. cinnamomi grew successfully on callus tissue of X. australis (Figure 
6.2a). Necrosis was apparent on the surface of callus tissue by 24 hours post-
inoculation at which stage growth of the pathogen was both intercellular and 
intracellular (Figure 6.2c, d). Uninfected callus tissue is shown in Figure 6.2b for 
comparison. 
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Table 6.1 Timing of events pre-penetration and post-penetration following inoculation of Xanthorrhoea australis callus cultures, cells III 
suspension and seedlings and the effect of phosphonate application on the timing of the events. 
Encystment of Germination Penetration of Intercellular Intracell ular No. of hyphae within Cytoplasmic 
Tissue zoospores of cysts host growth growth SOj..U11 of cell disruption 
(h) (h) (h) (h) (h) (mean ±SEM) (h) 
Callus O.S -2 1-4 2-6 8 -12 12 - 24 na 24 
Cells in suspension O.S -14 1-18 2 - 24 na a na 68.67 ± 10.4 10-16 
Phosphonate treated 
O.S - 14 1 - 18 2-24 69.67 ±4.7 >18 na na 
cells in suspension 
Seedlings 0.S-2 1-4 2-6 6 12 - 24 na 24 
Phosphonate treated 
O.S -2 1-4 2-6 6 48 6 na 
seedlings 
ana = not applicable 
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By 48 hours mycelium was well established and had colonised the host tissue which 
became brown and water-soaked and began to collapse. By 72 hours, mycelium had 
grown onto the nutrient medium. Callus was not used further as the aim was to 
examine the response to phosphonate at the single cell level, and to compare this 
with events in planta. 
6.4.2 Infection by P. cinnamomi of X. australis cells in suspension cultures 
P. cinnamomi grew successfully in cell suspensions of X. australis on microscope 
slides. Healthy cells in suspension cultures had intact cell walls and membranes and 
centrally located nuclei (Figure 6.3a, b). Zoospore encystment began within 30 
minutes of inoculation, although some zoospores remained motile for up to 14 hours. 
By three hours greater than 50% of zoospores had begun to encyst and germinate. 
Encystment and germination continued up to 18 hours post inoculation. Where 
zoospores did not encyst on a cell wall, germtubes developed and the hypha grew 
across the slide (Figure 6.3c). Hyphal growth was not always toward cells. Often 
hyphae began to grow toward cells, only to change direction randomly or extend past 
the potential host cell (Figure 6.3d). 
Penetration of cells began from three hours post inoculation, continuing up to 20 
hours post-inoculation. Infection of X. australis cells· resulted in disruption of the 
cytoplasm and 18 hours following inoculation the percentage of cells with shrunken 
cytoplasm was significantly greater (p = 0.002) in inoculated than uninoculated cells. 
The cell membrane and cytoplasm deteriorated and the infected cell died between 
four and eight hours after penetration. Infection of a host cell 
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Figure 6.2. Callus cultures of Xanthorrhoea australis. a. X australis callus with 
germinated cyst and infection hypha viewed under the light microscope at 40 x 
magnification. cy = cyst, gt = germtube, ap = infection hypha, ca = callus. Scale = I 
mm. b. Transverse section of uninfected callus stained with Toluidine Blue 0 
showing undifferentiated cells with cytoplasm and nuclei. ct = cytoplasm, is = 
intercellular space, v = vacuole. Scale bar = 20 f.illl. c. Zoospore of Phytophthora 
cinnamomi on surface of X australis callus tissue. ca = callus tissue, h = hypha, cy = 
cyst. Scale bar = 10 f.illl. d. Cross section of X australis callus tissue 24 hours 
following inoculation with P. cinnamomi zoospores stained with Toluidine Blue O. 
Both intercellular and intracellular hyphae are visible. h = hypha. Scale bar = 25f.illl. 
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had no effect on adjacent uninfected cells which remained healthy and displayed no 
evidence of cytoplasmic or cellular changes in response to infection of the 
neighbouring cell (Figure 6.3e). Cells were seldom challenged more than once and 
the pathogen was not attracted to dead cells. Figure 6.3f illustrates the Tare 
occurrence of the multiple infection of an X. australis cell. 
Thirty-six hours after inoculation hyphal growth across the slide was extensive and 
hyphal penetration was difficult to distinguish. Sporangiophores were observed in 
cultures 24 hours post-inoculation. Figure 6.4 illustrates the timing of infection and 
penetration of a host cell by P. cinnamomi. 
6.4.3 Effect of phosphonate on infection by P. cinnamomi of cells in suspension 
culture 
Phosphonate treatment did not alter the characteristics and timing of zoospore 
encystment, germination, hyphal growth, and penetration of host cells (Table 6.1). 
At the time of zoospore encystment the host cell was still alive. This was indicated 
by autofluorescence when cells were viewed under UV light, presumably due to an 
intact and functioning plasma membrane (Figure 6.5a, b). Following encystment, 
penetration and infection of cells began within 70 minutes regardless of phosphonate 
treatment. Similarly, the number of hyphae within 50 JlIll of a cell remained 
unaffected in cultures to which phosphonate was applied (p = 0.934). The average 
number of hyphae within 50 ~m of cells in untreated cultures was 68.7%, compared 
with 69.7% in cultures treated with 1% phosphonate. Upon penetration of the host 
cell by P. cinnamomi the cytoplasm still displayed autofluorescence, again indicating 
an intact and functioning plasma membrane (Figure 6.5c, d). The infection rate 
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Figure 6.3. Infection of single cells of Xanthorrhoea australis by Phytophthora 
cinnamomi. a. Single uninfected, healthy X australis cell viewed using phase 
contrast microscopy. Nucleus is centrally located and is surrounded by plastid-like 
organelles. Scale bar = 50 J.llIl; b. Cluster of uninfected, healthy X australis cells 
viewed using phase contrast microscopy. Scale bar = 100 J.llIl; c. Growth of a P. 
cinnamomi infection hyphae (arrow) toward an X australis cell 12 hours post 
inoculation; d. Cells in culture 12 hours following inoculation with zoospores of P. 
cinnamomi. A zoospore has encysted (arrow) and germinated in the centre of the 
cell cluster, and several hyphae are observed to be growing amongst the cells. This 
figure also illustrates the random growth of hyphae away from the direction of cells 
(dashed arrow); e. Dead X australis cell (dashed arrow) following penetration by P. 
cinnamomi 18 hours post-inoculation. The adjacent, unpenetrated cell remains 
alive. The cyst from which the hypha arose is indicated by the whole arrow; f. The 
rare occurrence of a multiple infection by P. cinnamomi penetration hyphae (arrow) 
of one X australis cell. 
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Figure 6.4. Penetration of Xanthorrhoea australis cells by Phytophthora 
cinnamomi. a. Time = 0 minutes: Attachment of the germtube to the host cell and 
formation of infection hypha (arrow). Scale bar = 50 ~m; b. Time 65 = minutes: 
Development of penetration hypha ( arrow) and penetration of the cell wall; c. Time = 
95 minutes: Infection hyphae (arrow); d. Time 125 = minutes: Continued 
intercellular growth of hyphae (arrow) inX australis cell. 
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was less than 30% in both phosphonate and non-phosphonate treated cultures. No 
sporangia or sporangiophores were observed in phosphonate treated cell cultures. 
Treatment of cells with phosphonate prior to inoculation with P. cinnamomi either 
accelerated or increased the disruption and degradation of the cytoplasm of infected 
host cells (Table 6.1). A greater proportion of phosphonate treated cells had a 
shrunken cytoplasm 18 hours following inoculation with P. cinnamomi when 
compared with both uninoculated phosphonate treated cells (p=0.017) and 
uninoculated (p = 0.013) and inoculated untreated cells (p = 0.044) (Figure 6.6). 
Phosphonate treatment induced browning of cells adjacent to infected cells 12 hours 
following inoculation with P. cinnamomi. The number of brown cells was 
significantly greater in (p = 0.037) treated cell cultures following inoculation with P. 
cinnamomi than in untreated inoculated cultures (Figure 6.7). Adjacent cells became 
brown prior to the penetration of the plasma membrane by hypha in the infected cell 
(Figure 6.5e). In addition to the browning observed in adjacent cells there was 
movement and accumulation of cytoplasmic granules toward the edges inside the 
uninfected cell (Figure 6.5e, f). 
6.4.4 Effect of phosphonate application on cell viability in X. australis cultures 
At time zero, cell viability of uninoculated, untreated cells was 86%. After 18 hours 
this had declined to 55.8%. In inoculated cultures 36.8% of cells were viable 18 
hours post-inoculation (Figure 6.8). 
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Figure 6.5. Infection by Phytophthora cinnamomi of Xanthorrhoea australis cell 
cultures treated with 1 g.L-1 phosphonate. a. Encysting zoospore (arrow) on surface 
of cell 12 hours post-inoculation of cultures. Scale bar = 15 J.llIl; b. 
Autofluorescence of the X australis cell depicted in (a) when viewed und 
ultraviolet light indicating the cell is still alive, presumably due to intact and 
functioning plasma membrane; c. Penetration of hypha into treated cell, and 
subsequent degradation of the cell membrane and cytoplasm 18 hours post 
inoculation. Scale bar = 25 J.llIl; d. The cell depicted in (c) viewed under ultraviolet 
light. The degraded cytoplasm still displays some autofluorescence which is 
attributed to an intact plasma membrane or unknown phenolics that are retained by 
living cells; e. Browning of cell adjacent to an infected cell, 12 hours post-
inoculation of cultures. The penetration hypha has not yet pierced the plasma 
membrane. Scale bar = 30 J.llIl; f. Browning of cell following infection of adjacent 
cell by P. cinnamomi 12 hours post-inoculation. The penetration hypha has passed 
through the plasma membrane. Scale bar = 25 J.1lIl. 
a 
c 
e f (.) 
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Viability of cells in uninoculated cultures was not significantly affected (p > 0.395) 
by phosphonate treatment. In uninoculated cultures treated with 1 % and 2% 
phosphonate 53% of cells remained viable after 18 hours. At this time cell viability 
was greater in cultures treated 2% phosphonate (p = 0.011) relative to cells to which 
no phosphonate had been applied (Figure 6.8). There was no significant difference 
(p > 0.05) in cell viability between cells treated with 1% and 2% phosphonate 18 
hours after inoculation with P. cinnamomi (Figure 6.8) at which time cell viability in 
the two cultures were 44% and 47.2% respectively. 
Cell viability declined significantly in inoculated cultures relative to uninoculated 
cultures at 0% phosphonate (p < 0.001) and at 1 % phosphonate (p = 0.035) but not at 
2% phosphonate (p = 0.141) (Figure 6.8). 
6.4.5 Effect of phospho nate on lesion development in X. australis roots 
following inoculation by P. cinnamomi 
Lesions developed on all seedlings within 24 hours, regardless of phosphonate 
treatment. In untreated seedlings lesions extended into the lower stem and tissue 
became water-soaked by 48 hours post-inoculation. Lesions in treated tissues were 
restricted to the root and no water-soaked tissue was observed within the 72 hour 
period. Lesion development was significantly reduced in X. australis seedlings 
treated with phosphonate 24 hours (p < 0.033) and 48 hours (p < 0.001) following 
infection with P. cinnamomi relative to untreated seedlings (Figure 6.9). No 
difference (p > 0.168) was observed between the two phosphonate treatments until 
72 hours post inoculation. At this time, lesions were greater (p < 0.001) in seedlings 
treated with 2% phosphonate. 
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Figure 6.6. Effect of phosphonate application to Xanthorrhoea australis 
suspension cells on disruption of the cytoplasm 12 hours following inoculation with 
Phytophthora cinnamomi. X australis cells were treated with 1% phosphonate 12 
hours prior to inoculation with zoospores of P. cinnamomi. The proportion of cells 
with disruption to the cytoplasm was determined. Error bars indicate the standard 
deviation from the mean. Phospho - indicates no phosphonate treatment; Phospho + 
indicates treatment with 1 % phospho nate; P. cinn - indicates not inoculated with P. 
cinnamomi and, P.cinn + denotes inoculation with P. cinnamomi. 
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Figure 6.7. Effect of phosphonate application on browning of Xanthorrhoea 
australis suspension cells 12 hours following inoculation with Phytophthora 
cinnamomi. X australis cells were treated with 1 % phosphonate 12 hours prior to 
inoculation with zoospores of P. cinnamomi. The proportion of brown! phenolic 
cells was determined. Error bars indicate the standard deviation from the mean. 
Phospho - indicates no phosphonate treatment; Phospho + indicates treatment with 1 % 
phosphonate; P.cinn - indicates not inoculated with P. cinnamomi and, P.cinn + 
denotes inoculation with P. cinnamomi. 
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Figure 6.S. Effect of phosphonate application on viability of Xanthorrhoea 
australis cells 18 hours following inoculation with Phytophthora cinnamomi. The 
number of viable cells in treated and untreated, inoculated and uninoculated cultures 
was determined using the Evan' s Blue exclusion test (Dixon, 1985) 12 hours 
following inoculation with P. cinnamomi. Blue bars represent viable cells treated 
with phosphonate 18 hours following 'sham' inoculation with SDW. Red bars 
denote the number of viable cells treated with 0 g.L-1 (0%), 1 g.L-1 (l %) and 2 g.L-1 
(2%) phosphonate 18 hours after inoculation with zoospores of P. cinnamomi. Error 
bars represent standard deviation from the mean. 
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Figure 6.9. Development of lesions ill Xanthorrhoea australis following 
inoculation with Phytophthora cinnamomi. Extension of lesions was restricted in 
seedlings treated with 1 % and 2% phosphonate. Error bars indicate standard 
variation from the mean. 
Chapter 6: Responses inX australis infected by P. cinnamomi following phosphonate treatment 228 
6.4.6 The anatomical structure of roots of X. australis seedlings 
Light microscopy illustrated the structure of the X. australis root. The region of X. 
australis roots from the root cap of X. australis was comprised of loosely organised 
parenchymatous cells above which was the apical meristem wherein new cells are 
formed (Figure 6.lOa). Proximal to the younger cells of the apex was the region of 
cell elongation and maturation (Figure 6. lOb ). As the root matured, the cortex 
became apparent (Figure 6.lOc). The zone of maturation is recognisable by the 
presence of root hairs on the surface (Figure 6.lOd). At progressively greater 
distances from the root apex (3 mm from the root tip) cells were more mature and 
became more distinct (Figure 6.lOe). Distinct tissue regions were recognisable 
including the uniseriate epidermal layer, a broad central cortex, and an inner core 
(Figure 6.1Of). In mature tissues the root epidermis was comprised of a single layer 
of elongated, compact cells (Figure 6.10g). The cortex was broad and comprised of 
large, thin-walled cells (Figure 6.lOh). The endodermis was comprised of elongated 
cells with thickened lignified cell walls and no intercellular spaces. The cell walls of 
the endodermis became thicker as the root matured. Central to the endodermis were 
the vascular tissues and cortex (Figure 6.lOe). In younger tissue close to the root 
apex the central region was comprised of protoxylem and protophloem surrounded 
by procambium. These developed into concentric amphicribral vascular bundles 
(Dickison, 2000) in which xylem was surrounded by phloem and cambium (Figure 
6.lOe). In addition to the typical structures found in monocotyledonous plant 
species, the mature X. australis root tissue also contained large cell groups believed 
to be resin ducts (Figure 6.lOi). 
TEM analysis enabled individual root cells to be described. Cuboid or elongated 
epidermal cells (Figure 6.11a) formed a uniseriate layer around the cortex. Cortical 
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cells were large, thin-walled, and highly vacuolated (Figure 6.11 b) with intercellular 
spaces present between cells (Figure 6.11c). Figure 6.11d shows the structure of the 
cell wall of a cortical cell with the middle lamella and cell membrane clearly visible. 
The cellular organelles, including mitochondria, plastids (Figure 6. lle), nucleus and 
nucleolus (Figure 6.11f, g), were also distinguishable. Xylem cell walls were thick 
and lignified with elongated tracheary elements with characteristically lignified cell 
walls (Figure 6.11h). Phloem cells were associated with sieve elements with wall 
perforations and thin cell walls. Numerous spherical granUles, possibly starch, were 
also present in cells (Figure 6.11i). 
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Figure 6.10. Anatomical structure of Xanthorrhoea australis roots. 8. Transverse 
section of loosely organised parenchymatous cells of the root cap 2 mm from root 
tip. Section stained with Methylene Blue - Azure A - Basic Fuchsin. p = 
parenchyma cell, n = nucleus. Scale bar = 20 ~; b. Transverse section of apical 
region of the root with differentiating cells 0-3mm from root tip. Section stained 
with Methylene Blue - Azure A - Basic Fuchsin. n = nucleus. Scale bar = 30~; c. 
Transverse section of root cortex 3 - 6 mm from root tip. Stained with Toluidine 
Blue O. c = cortical cell. ep = epidermis. Scale bar = 20 J.lll1; d. Transverse section 
of outer cortex and epidermal layer with root hair 3 - 6 mm from root tip. Stained 
with Methylene Blue - Azure A - Basic Fuchsin. rh = root hair, ep = epidermis, c = 
cortex. Scale bar = 30 J.lll1; e. Transverse section of zone of maturation and 
elongation with developing vascular tissue, cortex and thickening epidermis 6 - 9 
mm from root tip. Section stained with Methylene Blue - Azure A - Basic Fuchsin. 
v = vascular tissue, c = cortex, ep = epidermis, en = endodermis. Scale bar = 20 
J.lll1; f. Transverse section of cortex of mature root tissue 6 - 9 mm from root tip. 
Section stained with Methylene Blue - Azure A - Basic Fuchsin. ep = epidermis, c 
= cortex, rd = resin ducts. Scale bar = 20 J.lll1; g. Transverse section of epidermis 
with elongated compact epidermal cells (~) in mature root tissue 6 - 9 mm from 
root tip. Section stained with Methylene Blue - Azure A - Basic Fuchsin. Scale bar 
= 30 J.lll1; h. Transverse section of cortex and epidermis of mature root tissue 6 - 9 
mm from root tip. Section stained with Methylene Blue - Azure A - Basic Fuchsin. 
ep = epidermis, c = cortex, v = vascular tissue. Scale bar = 50 J.lll1; i. Transverse 
section of resin ducts in mature root tissue (arrows) 6 - 9 mm from root tip. Section 
stained with Methylene Blue - Azure A - Basic Fuchsin. Scale bar = 40 J.llll. 
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Figure 6.11. Transmission electron micrographs of Xanthorrhoea australis root 
cells. a. Epidermal cells in 3 - 6 mm section of root. ct = cytoplasm, cw = cell 
wall, ep = epidennis, c = cortical cell. Scale bar = 2 /.lffi; b. Cortical cells in 3 - 6 
mm section of root with large vacuole and clearly visible middle lamella and 
mitochondria in the cytoplasm. mt = mitochondrion, ct = cytoplasm, cv = cell 
vacuole, ml = middle lamella. Scale bar = 2 MID; c. Longitudinal section of cortical 
cells showing cell junction (arrow). is = intercellular space. Scale bar = 2 MID; d. 
Cell wall and cell membrane and middle lamella. cm = cell membrane, cw = cell 
wall, mt = mitochondrion. Scale bar = 1 MID; e. Cell with nucleus, vacuole, plastid 
and other organelles and cytoplasmic material adjacent to xylem cell with thicker 
walls and border pits. n = nucleus, cv = cell vacuole, pI = plastid, mt = 
mitochondrion. Scale bar = I MID; f. Nucleus with nucleolus in cortical cell. n = 
nucleus, no = nucleolus, is = intercellular space. Scale bar = I MID. g. Tracheal)' 
elements with typically thickened cell walls. Scale bar = 1 MID; h. Cortical cell of X 
australis root with large vacuole. ct = cytoplasm, mt = mitochondrion, cv = cell 
vacuole, n = nucleus, cw = cell wall. Scale bar = 1 J..Ull; i. Spherical organelles, 
potentially starch grains, in cortical cell. sg = starch grain, cw = cell wall. Scale bar 
= 1 MID. 
.... 
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6.4.7 Infection of X. australis roots by P. cinnamomi 
Zoospores were attracted to, and congregated at, the zone of elongation on X. 
australis roots within one hour of inoculation and they subsequently encysted. Upon 
gennination of cysts penetration and infection of X. australis roots was rapid 
occurring within two to six hours of inoculation (Table 6.1). Following infection of 
X. australis seedlings by P. cinnamomi the first macroscopic sign of infection was 
browning and necrosis of the root within 18 hours followed by water-soaked lesions 
within 48 hours (Table 6.1). 
Colonisation of the root tissue by P. cinnamomi was initially intercellular through the 
epidermal cells and middle lamella within 6 hours of inoculation (Figure 6.12a). The 
pathogen then advanced throughout the root tissue with extensive intercellular and 
intracellular hyphal colonisation of cortical cells observed within 24 hours following 
inoculation (Figure 6.12b - d). Intracellular colonisation of the cortical region, stele 
and vascular tissues occurred within 48 hours post-inoculation (Figure 6.12e, f). 
Production of sporangia and chlamydospores was not observed in inoculated roots of 
X. australis. Cellular infection resulted in disruption of the cell cytoplasm and cell 
membrane and a general disorganisation of root cell and tissue arrangement in 
vicinity of the infecting hypha. Limited phenolic deposition occurred in cells 
adjacent to infected cells, but this was unable to contain the pathogen (Figure 6.12b, 
c). Deposition of electron dense material, identified as phenolic compounds by 
staining with TBO, in the cell wall of infected cells was observed in electron 
micrographs (Figure 6.14a). This deposition was unsuccessful in suppressing further 
colonisation by the pathogen. No cellular changes were observed in untreated roots 
in response to the invading hypha at the TEM level (Figure 6.14b). 
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Figure 6.12. Xanthorrhoea australis roots infected by Phytophthora cinnamomi. 
a. Cortical tissue with intercellular hyphae (arrow) six hours post inoculation 
stained with Methylene Blue - Azure A - Basic Fuchsin. en = endodermis, c = 
cortex. Scale bar = 30 J.UIl; b. Cortical tissue with intracellular hypha ( ... ) 12 hours 
post inoculation stained with Toluidine Blue O. Cytoplasm of colonised cell is 
degraded (arrow). Scale bar = 10 J.UIl; c. Cortical tissue with extensive colonisation 
by intercellular (arrow) and intracellular ( ... ) hyphae 24 hours post-inoculation. 
Stained with Toluidine Blue O. c= cortical cell. Scale bar = 25 J.UIl; d. Intracellular 
hyphae in cortex 24 hours post-inoculation stained with Methylene Blue - Azure A-
Basic Fuchsin. c = cortex, h = intercellular hypha, ep = epidermis. Scale bar = 30 
f.lm; e. Intercellular and intracellular hyphae throughout cortical tissue 48 hours 
post-inoculation. Stained with Methylene Blue - Azure A - Basic Fuchsin. c = 
cortex, h = hyphae. Scale bar = 30 J.UIl; f. Longitudinal section through hyphae 
(arrow) in cortical tissue 48 hours post-inoculation stained with Toluidine Blue o. 
Scale bar = 20 J.UIl. 
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6.4.8 Effect of phospho nate on infection of X. australis roots by P. cinnamomi 
Zoospore gennination and encystment and subsequent penetration of the host was 
unaffected by phosphonate treatment. The effects of phosphonate application to X. 
australis were only observed following infection by P. cinnamomi. Ensuing 
colonisation of phosphonate treated X. australis roots was reduced in both magnitude 
and speed relative to untreated roots (Table 6.1). Initially, colonisation progressed in 
a similar pattern to that observed in untreated plants with hyphae growing 
intercellularly, through the epidennal cells and middle lamellae. At 24 hours 
following inoculation colonisation was still primarily intercellular (Figure 6. 13a). 
Infection of X. australis roots by P. cinnamomi resulted in deposition of phenolic 
compounds in cells adjacent to infected cells visible within 24 hours post-inoculation 
upon staining with TBO (Figure 6.13b, c). Intracellular colonisation of the cortex or 
vascular tissue was not apparent in treated root tissues 72 hours post-inoculation 
(Figure 6.13d, e) and disruption of tissue structure was minimal (Figure 6.13 f). 
At the ultrastructural level, the aggregation of cytoplasmic material and nuclear 
movement toward the infected cell in adjacent uninfected cells was apparent within 
six hours post-inoculation in phosphonate treated root tissue (Figure 6.14c, d). This 
was accompanied by the rapid thickening of cell walls adjacent to the infected cell 
visible in electron micrographs as movement of cytoplasmic material and the 
accumulation of electron dense materials around invading hyphae (Figure 6.14e, f). 
Figure 6.14g illustrates the structure of the cortex in uninfected phosphonate treated 
X. australis for comparison. Xylem (Figure 6.14h) and phloem (Figure 6.14i) 
remained uninfected 72 hours post-inoculation. 
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Figure 6.13. Phosphonate treated Xanthorrhoea australis roots infected by 
Phytophthora cinnamomi. a. 1 % phosphonate treatment. Cortical tissue with 
intercellular hyphae 24 hours post inoculation. Accumulation of phenolics is 
apparent in the cell adjacent to the invading hypha (arrow). There is also movement 
of the nucleus of the adjacent cell toward the infected cell. Stained with Methylene 
Blue - Azure A - Basic Fuchsin. h = hypha, n = nucleus. Scale bar = 25 J.UIl; b. 2% 
phosphonate treatment. Outer cortical and epidennal cells. Accwnulation of 
phenolics in cell with disrupted cytoplasm (arrow) adjacent to hypha 24 hours post 
inoculation. Stained with Toluidine Blue O. ep = epidermis, h = hypha. Scale bar = 
25 J.UIl; c. 2% phosphonate treatment. Cortical cells with accumulation of phenolics 
in cells adjacent to hypha (arrow) and movement of the nucleus toward the infection 
point 24 hours post inoculation. Stained with Toluidine Blue O. n = nucleus, p = 
phenolic cell. Scale bar = 20 J.UIl; d. 1 % phosphonate treatment. Transverse section 
of root 72 hours post inoculation with thickening of the cell walls of the mature 
endodennal cells and no intracellular colonisation of cortical cells. Stained with 
Methylene Blue - Azure A - Basic Fuchsin. ep = epidermis, c = cortex, en = 
endodermis, v = vascular tissues, r = root hair. Scale bar = 150 J.UIl; e. 1 % 
phosphonate treatment. Intercellular hyphae in cortical tissue 72 hours post-
inoculation adjacent to thickening of mature endodermal cell walls (arrow). Stained 
with Methylene Blue - Azure A - Basic Fuchsin. c = cortex, h = hyphae, n = 
nucleus. Scale bar = 25 J.UIl; f. Transverse section of root indicating the extent of 
colonisation by P. cinnamomi 72 hours post-inoculation. Hyphae are still primarily 
intercellular. Stained with Methylene Blue - Azure A - Basic Fuchsin. en = 
endodermis, h = hyphae, c = cortex. Scale bar = 30 J.UIl. 
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Figure 6.14. Electron micrographs of Xanthorrhoea australis root cells infected 
with Phytophthora cinnamomi. In phosphonate treatments, seedlings were 
inoculated with zoospores of P. cinnamomi 10 days after application of 
phosphonate. a. Transverse section of untreated root cortical cell with thickened 
cell wall (arrow) 12 h post-inoculation (Pj.). n = nucleus, mt = mitochondrion, p = 
plastid. Scale bar = 2 J.IID.; b. Transverse section of hypha in cortical cell of 
untreated root 6 hpj. Cell shows no response to invasion. h = hypha, cw - cell 
wall, ml = middle lamella, em = cell membrane. Scale bar = 500 nm; c. Transverse 
section of intercellular hypha adjacent to cortical cell showing primary cell wall, 
movement of cellular and cytoplasmic materials toward the invading hypha 
surrounded by electron dense materials (arrows), possibly phenolics, 6 hpj. X 
australis was treated with 1 g.L-1 phosphonate. cw = cell wall, h = hypha. Scale bar 
= 1 J.IID.; d. Transverse section of cortex 48 hpj. Accumulation of electron dense 
material in cell walls (arrows), most likely comprised of phenolic and lignin-like 
compounds, is apparent in conjunction with cytoplasmic aggregation and nuclear 
movement (arrows) toward the infected cell above. X australis was treated with 2 
g.L-1 phosphonate. n = nucleus, ml- middle lamella; un = unknown cellular object. 
Scale bar = 2 J..llll; e. Transverse section of intercellular hypha between cortical cells 
of X australis root tissue 6 h p.i. showing electron dense material (arrows), 
probably phenolic or lignin-like compounds, in the cell wall immediately 
surrounding the hypha. X australis was treated with 1 g.L-1 phosphonate. n1 = 
nucleus, cw = cell wall, h = hypha. Scale bar = 1 J.IID.; f. Transverse section of inner 
cortical cells with disruption of the cytoplasm and thickening of cell walls 24 h p.i. 
X australis was treated with 2 g.L-1 phosphonate. mt = mitochondrion, ct = 
cytoplasm, cw = cell wall. Scale bar = 1 Jim; g. Transverse section of cortex of 
uninfected root for comparison of cell wall thickening in treated infected tissues. X 
australis was treated with 2 g.L-1 phosphonate. cw = cell wall, ct = cytoplasm, n = 
nucleus; Scale bar = 1 J.IID.. h. Transverse section of xylem cell with characteristic 
lignification of the cell wall (arrow) with no infection 48 h p.i. Seedling was treated 
with 1 g.L-1 phosphonate. bp = border pit, n = nucleus, mt - mitochondrion. Scale 
bar = 2 J.IID.. i. Transverse section of vascular tissue of X australis root 48 hpj 
showing no signs of infection by P. cinnamomi. Seedling was treated with 1 g.L-1 
phosphonate. sp = sieve plate, pI = phloem cell. Scale bar = 2 J.IID.; 
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6.5 DISCUSSION 
The current study investigated the sequence of events involved in infection of X. 
australis by P. cinnamomi and the effect of phosphonate application on this 
interaction. Callus, cell suspension cultures and seedlings were used with the aim of 
providing a greater insight into the action of phosphonate on the host defence 
response at the cellular level. Treatment of X. australis seedlings with phosphonate 
prior to inoculation with P. cinnamomi resulted in restricted lesion development 
relative to that observed in untreated plants. This was accompanied by a reduction 
in, both speed and magnitude, in colonisation of the host by P. cinnamomi. 
Microscopy revealed that phosphonate had no effect on X. australis until after 
infection by P. cinnamomi. Phosphonate treatment induced the production of 
phenolic compounds in cells adjacent to infected cells in both cell suspensions and 
roots of seedlings following challenge by P. cinnamomi. Upon infection of 
phosphonate treated X. australis seedlings, lignification of cortical cell walls in close 
proximity to invading hyphae was also observed. This is the first study to examine 
the interaction between X. australis and P. cinnamomi at the cellular and 
ultrastructural levels, and it contributes valuable information to our knowledge of the 
mode of action of phosphonate in the host plant. 
6.5.1 Infection by P. cinnamomi of X. australis callus cultures 
Callus and cell culture systems have been used previously to study disease resistance 
in plants (de Zoeten et al., 1982; Harvey and Woo, 1971; Helgeson et al., 1972; 
Ingram and Robertson, 1965; McComb et al., 1987; Mozzetti et al., 1995; Perrone et 
al., 2000; Robb et al., 1973, 1975). These approaches enable examination of host 
responses in morphologically and physiologically similar cells, circumventing the 
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complexities encountered in whole plants and detached plant organs (Helgeson et aI., 
1972). X. australis callus tissue was successfully infected and rapidly colonised 
following inoculation with P. cinnamomi. LM indicated rapid and extensive 
intercellular and intracellular colonisation followed by tissue collapse. Similar 
patterns were reported by Jang and Tainter (1990b) following inoculation of 
susceptible callus of Pinus sp with P. cinnamomi. 
Callus tissue may prove beneficial in future investigation of host resistance of X. 
australis to P. cinnamomi. Reports of regeneration of X. australis in the Brisbane 
Ranges National Park, Victoria, may be attributed to variation in resistance between 
individual plants to P. cinnamomi (Weste et aI., 1999). Development of techniques 
for more rapid establishment of callus tissue may assist in investigation of field 
resistance in X. australis. McComb et ai. (1987) examined resistance in native 
Australian plant species, including A. pulchella and C. calophylla, and found extent 
of hyphal growth on callus tissue to be correlated with the susceptibility of the plant 
from which it was derived. Thus, protocols established for culture of X. australis 
callus in this study could be further developed to provide a model system for 
examination of resistance of X. australis to P. cinnamomi. 
6.5.2 Effect of pbospbonate on infection by P. cinnamomi of cells in suspension 
culture 
Cell culture systems have been produced for relatively few native Australian species 
and where they have been established, it has generally been for the express purpose 
of producing secondary metabolites (Doran, 1996). For example, suspension 
cultures of Solanum laciniatum Aiton have been established, as the species is a 
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source of the steroidal alkaloid solasodine used in production of corticosteroids and 
oral contraceptives (Chandler and Dodds, 1983; Doran, 1996). 
Cell cultures have been used to examine the host defence response toward 
Oomycetes for several host-pathogen combinations. However, studies have focused 
primarily on host-specific species, or species with a narrow host range, such as P. 
nicotianae on N. tabacum (Perrone et al., 2000) and P. infestans on S. tuberosum 
(Ingram and Robertson, 1965). P. cinnamomi has an extensive host range, and 
resistance toward the pathogen is horizontal rather than vertical, or that which 
follows the gene-for-gene model (Irwin et al., 1995). Resistance to P. cinnamomi 
has been investigated using callus cultures of E. marginata lines (McComb et al., 
1987) and Pinus species (Jang and Tainter, 1990a,b). This is the first report of 
infection of cell suspension cultures of X. australis by P. cinnamomi. 
P. cinnamomi grew readily in X. australis cell cultures on microscope slides. An 
unexpected observation in cell cultures was that hypha I growth was not always in the 
direction of a cell, and often appeared to be random. This may have contributed to 
the low infection rate (30%) observed. P. cinnamomi is chemotactically attracted to 
host tissue, and it may be that the chemo-attractant compounds released by the host 
cells are dispersed in the bathing medium, reducing the likelihood of the 
accumulation of exudates to attract the pathogen to a particular cell. Alternatively, 
single cells may not have released compounds at great enough concentrations to 
attract the zoospores or hyphae, as hyphae appeared to grow intentionally toward 
larger groups and aggregations of cells. Perrone et al. (2000) used cell aggregates of 
tobacco rather than single cells in an attempt to emulate the host response, as it 
would occur in planta. 
Chapter 6: Responses in X. australis infected by P. cinnamomi following phosphonate treatment 240 
Initial events during host-pathogen interactions occur on a comparable time scale 
irrespective of whether the association is compatible or incompatible (Lucas, 1998). 
In X. australis cell cultures zoospore encystment, germination, hyphal growth, the 
number of hyphae in close proximity to cells, and penetration of host cells were all 
unaffected by phosphonate treatment. As is typical of susceptible or compatible 
interactions (Sutie and Sinclair, 1991), cellular changes following infection of 
untreated X. australis cells by P. cinnamomi included degradation of cell 
membranes, deformation of the nucleus and disintegration of organelles in the 
cytoplasm prior to cell death. Cells were seldom challenged more than once, a 
phenomenon also observed by Perrone et al. (2000) in tobacco cultures infected with 
P. nicotianae, where it was attributed to alterations in the cell surface following 
pathogen recognition and attachment. 
In the present study, no difference was observed in the number of cells penetrated by 
P. cinnamomi in phosphonate treated or untreated suspension cultures. This suggests 
that phosphonate is unlikely to have an effect on the external configuration of the 
cells in vitro, or on host recognition by the pathogen (Perrone et al., 2000). In fact, 
differences between phosphonate treatments did not become apparent between 
phosphonate treated and untreated cells until after penetration by P. cinnamomi. 
This was also observed in phosphonate treated X. australis seedlings following 
inoculation with P. cinnamomi. 
Cell viability following inoculation was greater in cultures treated with phosphonate, 
indicating that phosphonate application resulted in a decline in the number of dead 
cells, or a reduction in the rate at which cells died. Following infection of 
phosphonate treated cells by P. cinnamomi, fewer cells had a shrunken, degraded 
cytoplasm relative to untreated infected cells. In treated cells, granular cytoplasmic 
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aggregates developed and moved toward the site of penetration. Nonetheless, in 
cultures treated with 1 g.L-1 phosphonate, infection was always fatal. While this is 
similar to the cell sacrifice observed in association with a HR, the response in X. 
australis cells was not immediate, suggesting that the response was probably not a 
true HR. It also suggests that other factors are involved in the phosphonate-induced 
defence response in the X. australis - P. cinnamomi interaction. 
The most striking observation following infection of phosphonate treated cell 
cultures was the browning of uninfected cells adjacent to infected cells. Two 
hypotheses are proposed for the observations made in phosphonate treated cells. The 
first, based on host-specific resistance and the HR response, proposes that adjacent 
cells in inoculated X. australis cultures undergo the HR, or localised necrosis, 
induced by phosphonate application. Cells adjacent to infected cells in untreated 
cultures remained unchanged and displayed autofluorescence upon exposure to 
ultraviolet light indicating they are still alive. Phosphonate treated cells that 
underwent browning following infection of adjacent cells still displayed 
autofluorescence, albeit considerably reduced. This is in accordance with the 
contention that phosphonate induces a host response similar to that observed in 
incompatible interactions based on host-specific resistance. 
Alternatively, the adjacent cell may be stimulated to produce phenolic compounds 
which are toxic to the pathogen or the phenolic compounds may induce death of the 
host cell thereby preventing further pathogen invasion. The two theories are not 
mutually exclusive, as production of phenolic compounds, including phytoalexins, 
has been demonstrated to playa significant role in plant defence and the HR (Binks 
et aI., 1997; Daayf et ai., 1997; Dtibeler, et al., 1997; Guest, 1984; Lucas 1998; 
Saindrenan et al., 1988). However, HR is an immediate response involving cell 
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death, and this did not occur rapidly enough in the current study in phosphonate 
treated X. australis cells following infection with P. cinnamomi. 
Dispersion, or dilution of the chemical compound involved in intercellular 
communication in the bathing medium may explain why not all adjacent cells 
undergo this browning. It is possible that P. cinnamomi releases elicitins in the cell 
suspension, inducing a response in cells with which they come into contact. Perez et 
al. (1995) demonstrated an increase in the secretion of elicitins by Phytophthora 
species in the presence of phosphonate resulting in the activation of plant defences. 
If this were the case in the interaction between P. cinnamomi and X. australis the 
elicitins may be diluted in the bathing medium thus limiting the observed response to 
only some cells, however, this requires further investigation. 
6.5.3 The anatomical structure of roots of X. australis seedlings 
The anatomical structure of X. australis roots has not been described in detail and 
was first examined in this study to enable comparisons to be made between untreated 
roots and phosphonate treated tissues both before and after infection with P. 
cinnamomi. The root cap of X. australis seedlings was surrounded in a sheath of 
parenchymatous cells. The mitotically active root apical meristem consisted of 
dividing and elongating cells. Less differentiated cells were present near the root 
apex while progressively larger and more mature cells were at a greater distance 
from the apex. 
The endodermis was comprised of elongated cells with thickened lignified cell walls, 
most likely involved in maintenance of plant structure. The absence of intercellular 
spaces restricts the movement of substances to or from the stele to the protoplast of 
the endodermal cells. Vascular tissue, similarly was typical of that observed in other 
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monocotyledons with lignification of xylem and concentric amphicribral vascular 
bundles in which xylem was surrounded by phloem and cambium a vascular 
arrangement similar to that found in dicotyledonous plants but also typical of some 
monocotyledons (Dickison, 2000). Large duct-like cell clusters arranged in a ring 
around the stele were also observed in mature root tissues. These are believed to be 
resin ducts involved in production of resin in the mature X. australis. 
6.5.4 Effect of phosphonate on X. australis roots following infection by P. 
cinnamomi 
Following inoculation with P. cinnamomi, infection and penetration of X. australis 
root tissue was rapid and extensive in untreated X. australis seedlings. Zoospore 
encystment commenced within 60 minutes of inoculation. Penetration occurred at 
the zone of elongation above the root tip as previously reported in other susceptible 
species (Hinch et al., 1985; Ho and Zentmyer, 1977; Tippett and Malajczuk, 1979, 
Tippett et al., 1976). Externally infection was apparent as the root became brown 
and water-soaked conferring with previous reports (Ali and Guest, 1990; Cahill et 
ai., 1989, Weste and Cahill, 1982). Colonisation of root tissue was aggressive. 
Initially hypha grew intercellularly with subsequent intracellular penetration of 
cortical cells, vascular tissue and stellar parenchyma. Similar rapid and extensive 
colonisation of susceptible hosts including X. australis has been reported previously 
(Cahill et al., 1989; Tippett et aI, 1976; Weste and Cahill, 1982). 
Extensive hyphal penetration and colonisation of X. australis roots was associated 
with cell and tissue disruption, followed ultimately by collapse of the cell. 
Production of physical or chemical barriers, such as lignification or suberisation of 
cell walls adjacent to penetration sites reported in resistant native Australian species 
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(Cahill and McComb, 1993; Tippett et aI., 1976) were not observed and phenolic 
production following infection was minimal. X. australis was unable to initiate 
defence response, whether they be anatomical, physiological or biochemical, rapidly 
enough and pathogen advance continued unimpeded. 
The effect of phosphonate on the infection by P. cinnamomi of X. australis seedlings 
was examined at the structural and ultrastructural levels to investigate the 
mechanisms by which this fungicide induces a defence response in a nonnally 
susceptible host. In accordance with observations in cell suspension cultures, 
zoospore gennination, encystment and penetration of X. australis roots were 
unaffected by phosphonate treatment. Again conferring with observations made in 
cell cultures, phosphonate treatment had no effect on the plant prior to pathogen 
invasion. Phosphonate only stimulated host defence responses following pathogen 
challenge, an observation previously reported (Nemestothy and Guest, 1990; 
Saindrenan et aI., 1998). This suggests that pathogen infection in someway induces 
defence activity instigated by phosphonate, similar to that typically observed in 
activation of the defence response in resistant plants following pathogen invasion. 
Upon initial penetration of the phosphonate treated X. australis roots by P. 
cinnamomi, subsequent colonisation was reduced relative to untreated roots. 
Intracellular colonisation was delayed by 24 hours and vascular infection had not 
occurred by 72 hours. Restriction of lesion development and reduction in 
colonisation of host tissues has been reported previously in plants treated with 
phosphonate. Ali and Guest (1990) observed a reduction in lesion extension in 
phosphonate treated X. australis seedlings following inoculation with P. cinnamomi. 
In E. marginata phosphonate application restricted lesion development relative to 
untreated plants (Jackson et a!., 2000). Similarly, Smillie et a!. (1989) reported a 
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reduction in the rate of lesion extension following inoculation of phosphonate treated 
lupin, tobacco and paw-paw. In the latter two studies, the extent to which protection 
was expressed was related to the concentration of phosphite at the invasion site. 
At the cellular and ultrastructural levels, infection of phosphonate treated X. australis 
seedlings resulted in the aggregation of cytoplasmic material and nuclear movement 
toward the infected cell in adjacent uninfected cells. In addition, there was an 
accumulation of phenolic compounds in cells and lignification of cell walls adjacent 
to infected cells. 
Production of phenolic compounds has been reported in phosphonate treated plants 
following infection by pathogens (Hwang et aI., 1990; Jackson et aI., 2000). Phenolic 
production occurs as a product of the phenylpropanoid pathway. Key defence 
enzymes of this pathway have been identified and are known to be involved in the 
production of defence compounds such as phytoalexins. Phenylalanine is an 
important precursor for the synthesis of phenolic compounds and upon infection of 
the host it is converted to trans-cinnamic acid and enters the phenylpropanoid 
pathway resulting in production of defence molecules (Lucas, 1998). Jackson et al. 
(2000) reported an increase in cinnamyl alcohol dehydrogenase (CAD) and 4-
coumarate coenzyme A ligase 4-CL) activity and an increase in total soluble 
phenolics in a phosphonate treated moderately resistant clone of E. marginata 
following infection by P. cinnamomi. 
Subsequent preliminary thin layer chromatography (TLC) analysis of X. australis 
root extracts has suggested the presence of de novo phenolics following infection of 
phosphonate treated X. australis (Daniel et ai., 2001). However, the role of phenolic 
materials in resistance to P. cinnamomi remains unclear. It is possible that in X. 
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australis phosphonate stimulates the phenylpropanoid pathway to induce resistance 
to the invading pathogen and that phenolic production is a by-product of the actual 
successful defence response. Further investigation of the enzymes of the 
phenylpropanoid pathway is required to determine the precise point of action of 
phosphonate. In addition, identification of the phenolic compounds produced is 
required to further assess their potential toxicity on P. cinnamomi. 
Upon infection of phosphonate treated seedlings by P. cinnamomi there was also a 
thickening of compounds in cell walls. Cell walls are composed primarily of 
cellulose (Dickison, 2000). Infection of a host commonly results in deposition or 
accumulation of various materials including callose, suberin, phenolic compounds, 
calcium and lignin (Lucas, 1998). In the current study, light microscopy and TEM 
illustrated the deposition of materials in cell walls in close proximity to the invading 
hyphae, most probably phenolic and lignin-like compounds, upon inoculation of both 
untreated and treated seedlings. However, the accumulation of these materials was 
more rapid in phosphonate treated seedlings and this may assist in restricting the 
pathogen and reducing or preventing further colonisation of root tissues. 
Induced lignification of host tissues has been proposed as a disease resistance 
mechanism in host-pathogen interactions (Moerschbacher et aI., 1988; Vance et ai., 
1980). Cahill and McComb (1992) recorded a rise in lignin in C. caiophylla 
following inoculation with P. cinnamomi. Similarly, Cahill et ai. (1993) reported an 
increase in lignin concentration in resistant clonal E. marginata upon infection by P. 
cinnamomi. Hwang et al. (1990) examined the effect of Metalaxyl on the interaction 
between Capsicum annuum (Pepper) and P. capsid and reported the deposition of 
electron dense material in the walls of cells in most intimate contact with the 
pathogen. There was also movement of cytoplasmic materials toward the site of 
Chapter 6: Responses in X. australis infected by P. cinnamomi following phosphonate treatment 247 
pathogen contact. Further studies are required to determine the exact constitution of 
the compounds deposited in the cell wall of X. australis in response to infection by P. 
cinnamomi. In cucumber application of potassium phosphates induced accumulation 
of phytoalexins, lignification and enhanced activities of chitinase and ~-glucanase 
upon infection by Colletrotrichum lagenarium (Pass) Ell. & HaIst (Gottstein and 
Ku6,1989). 
While lignification increases the resistance of cell walls to penetration by a pathogen, 
its precise role in disease resistance is still poorly understood (Vance et ai., 1980). 
The observations made in this study indicated the involvement of phenolic and lignin 
synthesis in the defence response in X. australis induced by phosphonate upon 
infection by P. cinnamomi. Phenolics are a precursor of lignin production in the 
phenylpropanoid pathway, and it is proposed that in X. australis phenolics have a 
twofold action; firstly as a toxin to inhibit growth of P. cinnamomi and secondly as 
precursors for production of lignin. 
6.6 CONCLUSION 
Two distinct host responses were observed in X. australis in the present study: the 
production of phenolic compounds around infection hyphae, associated with cellular 
degradation and cytoplasmic disruption and, the accumulation of phenolic and lignin-
like compounds in the cell walls of infected tissues. Evidence to suggest that P. 
cinnamomi was restricted solely by physical or anatomical changes in X. australis the 
host is poor. While these two changes did not appear to completely inhibit pathogen 
invasion it is proposed that phosphonate induced changes to reduce the rate and 
magnitude at which P. cinnamomi colonises X. australis. The effect of phosphonate 
on the host-defence system may not be discemable using histopathological 
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techniques alone, and it may be that only the consequences of the action 
phosphonate, i.e. phenolic compounds, and lignification, are visible. It is further 
hypothesised that these anatomical changes are not acting autonomously, but that 
they occur in combination with other, yet unidentified defence responses, most likely 
biochemical. Further biochemical and molecular analysis is required. 
While phosphonate offers itself as a tool for control of P. cinnamomi in Australian 
ecosystems (Aberton et aI., 1999; Ali and Guest, 1998; Hardy, 2000; Hardy et al., 
2001), its interaction with the plant species of this unique environment is still largely 
undefined. The present study demonstrated that phosphonate application to cell 
cultures induces biochemical and physiological changes in the infected cell, and 
adjacent uninfected cells. Furthermore, these effects appear to be communicated in 
some way to stimulate changes in adjacent cells. While the present system is 
unconventional, its value lies in the fact that it presents a realistic, practical approach 
to investigation of the mode of action of phosphonate in native Australian plant 
species. 
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CHAPTER 7 GENERAL DISCUSSION 
7.1 INTRODUCTION 
Prior to the commencement of the present study, the morphological variation, 
pathogenicity and genetic diversity were undescribed of the Phytophthora 
cinnamomi population in the Anglesea heathland vegetation community. Little was 
known of (i) the general structure of Victorian P. cinnamomi populations, (ii) the 
interaction between P. cinnamomi and dominant species of the vegetation 
communities at Anglesea and, (iii) how phosphonate acts on the plant at the cellular 
level. These factors are critical for the development of disease management 
strategies for the Anglesea heathlands. 
The Anglesea heathlands, in excess of 11,000 hectares, comprise National Estate 
land, Anglesea Flora Reserve, Angahook-Lorne State Park and Alcoa Lease area. 
The area is currently co-managed by Alcoa of Australia (Alcoa World Alumina) and 
the Department of Natural Resources and Environment, Victoria, under the Anglesea 
Heathlands Management Plan (Wilson et ai., 1997). Located in the Eastern Otway 
Ranges, approximately 100 kIn south-west of Melbourne, Victoria, the Anglesea 
heathlands encompass some of the most unique indigenous vegetation communities 
in Australia. Over 690 plant species, comprising 26% of the total Victorian flora, 
have been recorded in the area, much of which is listed under National Estate 
(Wilson et aI, 1997). Many flora and fauna species in the area are now under threat 
due to disease caused by P. cinnamomi. 
P. cinnamomi was first identified in the Anglesea area in 1972 (Weste and Marks, 
1974) and has since spread to occupy numerous sites in the heathlands. Its progress 
has continued unabated coincident with increasing land use in the area. Stakeholders 
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of the area currently have two options: to allow the disease to continue on its present 
course, and eventually occupy all suitable sites, or, to attempt to contain the spread of 
the pathogen and protect areas of infected vegetation, particularly those which are 
rare or endangered. This thesis took the latter approach as central to its aims. A GIS 
spatial model developed by Wilson et al. (1997) predicted that based on the current 
extent of infection up to 74% of the area has a 75 to 100% probability of becoming 
infested. Such an outcome would pose substantial threats to the distribution and 
diversity of plant and animal species which occupy the area. Hence, there is a 
serious need to take proactive management, and this is a recommendation of the 
current project. 
To establish protocols for control of disease it is fundamental to understand the 
pathogen and its interaction with host plants, and how that relationship may be 
influenced by disease control measures. An understanding of the population 
structure of a pathogen provides a better understanding of the ability of that pathogen 
to evolve. For the first time, this study investigated the structure of the P. cinnamomi 
population in the heathland communities at Anglesea, Victoria, contributing valuable 
information regarding morphological variation, pathogenicity and genetic diversity 
within the population. A key strategy used in Australia for control of disease caused 
by P. cinnamomi is the use of the systemic fungicide phosphonate. It is only recently 
that we have begun to understand the mode of action of this fungicide. The current 
study is the first to examine in detail the dynamics of the interaction between P. 
cinnamomi and Xanthorrhoea australis and the effect of phosphonate on the host 
defence response. Findings from this study contribute to our understanding of the 
effect of P. cinnamomi on Australia's native vegetation communities and to how we 
can better develop methods for control of this devastating pathogen. 
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7.2 VARIATION IN THE P. CINNAMOMI POPULATION AT ANGLESEA 
- IMPLICATIONS FOR MANAGEMENT 
While P. cinnamomi has long been recognised as a destructive force in Australia's 
native vegetation communities, the phenotypic and genotypic variation in pathogen 
populations is still not fully understood. Variation within populations has important 
consequences for control of the pathogen and management of the disease it causes by 
providing the pathogen with a greater potential to evolve and overcome host 
resistance mechanisms and chemicals used in control. This study clearly 
demonstrated morphological variation (Chapter 2) within the P. cinnamomi 
population at Anglesea, Victoria. Phenotypic differences observed may reflect 
changes in a population and selection over time, relative to other isolated 
populations. Variation for the majority of morphological traits was not significantly 
different between Victorian populations, suggesting that the isolates are likely to 
have originated from a single source. 
Understanding the pathogenic variation in a population is fundamental for the 
development and implementation of management strategies for disease control. 
Variation in pathogenicity was demonstrated within the P. cinnamomi population at 
Anglesea (Chapter 3). Pathogenicity of a pathogen is influenced by a number factors 
including physiological status (age) of the host plant and inoculation procedure. 
The method of inoculation used may have an effect on the results obtained from 
pathogenicity tests. Zoospore inoculation has the advantage that it circumvents any 
effects that wounding may have on the physiological expression of host resistance 
(Coffey and Wilson, 1983). While soil inoculation possibly provides the most 
realistic evaluation of the ability of the pathogen to cause disease it also increases the 
number of variables that may influence pathogenicity (Hardham et al., 2001). 
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Dudzinski et al. (1993) successfully used inoculation of the plant growth medium to 
investigate pathogenic variation in Australian isolates using clonal E. marginata 
seedlings. Root inoculation using a zoospore suspension enables investigation of the 
pathogenic process including the ability of the isolate to encyst and penetrate the host 
root, which in Australian vegetation communities is the most common method of 
infection of susceptible plants. However, the production of P. cinnamomi zoospores 
is time consuming. 
Stem inoculation using mycelial plugs provides a more rapid technique for 
pathogenicity screening of isolates. Stem inoculation bypasses the attachment and 
penetration process, and provides only an indication of the ability of the isolates to 
develop lesions once inside the host. The penetration process has already been 
completed during the inoculation procedure. Although P. cinnamomi diseases are 
initiated by root infections variability in host susceptibility to the pathogen has been 
demonstrated in several species using trunk (Linde et al., 1999b; Marks et ai., 1981) 
and stem inoculations (Dixon, 1984). 
Perhaps a more controversial technique used for determining pathogenicity of 
isolates is the detached stem or detached root method, where the root or stem is 
detached from the whole plant and inoculated. Previous studies of pathogenicity 
among P. cinnamomi isolates have used detached stem and detached root inoculation 
(Hliberli et aI., 2001; Shearer et aI., 1987; Tippett et aI., 1985) with varying success. 
Hliberli et al. (2001) found extensive variation in pathogenicity of isolates based on 
ability to cause lesion formation in detachedjarrah stems. Tippett et al. (1985) found 
no correlation between detached root inoculation and attached stem inoculation of 
forest trees in both marri (Corymbia callophylla) and jarrah (E. marginata). It is 
likely that variation in the physiology of the detached stems, and in their ability to 
launch a defence response could influence the growth of the pathogen within the host 
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tissue and the development of lesions. Additionally, the physiological status of the 
plant material used in the assays may not be the same in replicate studies leading to 
discrepancies in the results. Resistance of plants to attack by P. cinnamomi changes 
with the physiological status of the host plant (Burgess et al., 1998, 1999a,b) 
influencing the ability of the pathogen to colonise, and cause disease. Htiberli et al. 
(2001) attribute high levels of variation in pathogenicity in detached stem inoculation 
trials to differences in physiological status of the host tissue. Burgess et al. (1998) 
found that root hypoxia enhances lesion development in jarrah following inoculation 
with P. cinnamomi. Conversely, water stress reduces the water potential within 
plants, also enhancing host susceptibility to the pathogen (Duniway, 1983). In the 
present study, the physiological status of the host plant was found to have a 
considerable impact on the capacity of the pathogen to colonise the host. Eucalyptus 
sieberi seedlings at four-weeks-old were too susceptible to differentiate between 
isolates. This highlights the importance of selecting a suitable host plant for use in 
pathogenicity testing. 
However, good correlation between a number of different techniques has also been 
observed. Robin and Desprez-Loustau (1998) demonstrated strong correlation in 
lesion development in a number of coniferous and deciduous plant species following 
inoculation with P. cinnamomi, irrespective of which plant organ was used (root, soil 
inoculation, stem, excised bark). However, all experiments were conducted under 
similar environmental conditions. This concurs with a study by Dudzinski et al., 
1993 who demonstrated strong correlation between soil and stem inoculation of E. 
marginata with P. cinnamomi when experiments were conducted under similar 
environmental conditions. 
All isolates tested in the present study were of the same A2 mating type, suggesting 
sexual reproduction is absent in the population and the present diversity is derived 
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asexually. This is advantageous for management of the disease in the Anglesea area 
as sexual reproduction enhances recombination, meiosis and fertilisation, which 
provide for reshuffling of the genetic material each generation (Drenth and Goodwin, 
1999). In asexually reproducing organisms, the most common mechanism by which 
variation is generated is via mutations and natural selection, both rare and slow 
processes. 
The amount of genetic variation within a population governs how rapidly a pathogen 
can evolve. Where genetic variation within a pathogen population is high, that 
population is more likely to adapt rapidly to overcome host resistance or chemicals 
used in disease control (McDonald and McDermott, 1993). Thus, an understanding 
of the extent of genetic variation is fundamental for the establishment of strategies 
for disease management. The fact that the degree of genetic diversity in the P. 
cinnamomi population at Anglesea was low (Chapter 4) is of benefit for management 
of the area as the chance of the pathogen evolving is reduced. However, it also 
emphasises the importance of preventing the introduction of new genotypes into the 
Anglesea heathlands. The low genetic diversity in the Anglesea P. cinnamomi 
concurs with previous studies investigating genetic variation of P. cinnamomi in 
Australia. It also supports the hypothesis that the pathogen was introduced, as the 
level of genetic diversity in pathogens is usually greater among isolates obtained 
from the centre of origin (Chang et ai., 1996; Linde et ai., 1997). It is recommended, 
however, that more comprehensive genetic analyses be conducted to determine 
precisely the clonal lineages and sources of variation, before a definite conclusion 
can be made regarding the genotypic structure of the P. cinnamomi population at 
Anglesea. 
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7.3 IS P. CINNAMOMI THE ONLY PHYTOPTHORA SPECIES PRESENT 
AT ANGLESEA? 
Essential for control of dieback in the native heathlands of Anglesea, and Victorian 
forests en bloc, is to determine the presence of other, previously unidentified, 
Phytophthora species. This is particularly important where P. cinnamomi is known 
to occur to ascertain the possibility for development of new pathogenic races, or new 
species. Whether other Phytophthora species are present at Anglesea remains 
unknown. Phytophthora species that have been identified in Australian native 
vegetation communities include P. megasperma, P. catorum, P. citricola and P. 
drechsleri (Irwin et ai., 1995; Marks and Kassaby, 1972; Marks and Mitchell, 1970, 
1972; Shearer, 1994). 
Interspecific breeding has been demonstrated in Phytophthora species (Gallegly, 
1968) and the occurrence of other Phytophthora species in association with P. 
cinnamomi may lead to the formation of new races or species as mating types in the 
heterothallic species of Phytophthora are nearly all cross compatible (Erwin, 1983). 
There is evidence for hybridisation, genetic exchange and recombination between 
mating types and different Phytophthora species (Brasier, 1992). Outcrossing has 
been observed among natural populations of P. infestans in Mexico (Brasier, 1992; 
Niederhauser, 1991). Savage et al. (1968) crossed P. cinnamomi with P. capsici 
resulting in formation of oospores. Interspecific breeding can result in the 
development of increasingly virulent pathogens, or the establishment of a population 
resistant to fungicides. 
The majority of morphological studies in the genus Phytophthora were conducted 
between 30 and 40 years ago, and species differentiation and taxonomy within 
species is still under scrutiny, increasingly so with the discovery of new 
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Phytophthora species and intercrossing between species (Brasier, 1992; Cooke et ai., 
2000; ludelson, 1996). While morphological characteristics have traditionally been 
used for identification and taxonomic classification of Phytophthoras, interspecific 
similarities confuse the divisions in taxonomy and produce controversy among 
investigators. More recently molecular techniques have been developed to aid in 
classification (Coehlo et ai., 1997; Cooke et ai., 1997; Crawford et ai., 1996; Drenth 
et ai., 1999; Levesque et ai., 1998; van der Lee et ai., 1997) and these could be used 
to assist in the identification of other Phytophthora species in the Anglesea area. 
7.4 GENETICS OF PATHOGENICITY: A NOVEL MEANS FOR 
PATHOGEN CONTROL 
Pathogens possess unique genes predominantly for the processes of pathogenicity, 
which enable them to counteract host defence mechanisms. Pathogenicity genes are 
inseparable from the plant's ability to recognise a foreign organism and coordinate 
its defence system (Schafer, 1994). Where the host is able to resist the invasion, an 
incompatible interaction results. Conversely, if the pathogen successfully overcomes 
the host defence response, and is able to colonise and reproduce within the host, a 
susceptible interaction occurs. 
Techniques have been developed for DNA-mediated transformation of Oomycetes 
(Bailey et ai., 1991; ludelson et ai., 1991), and the identification of pathogenicity 
genes is currently being investigated in P. nicotianae (Skalamera and Hardham, 
2001). Technologies based on transformation assist in the analysis of genes relevant 
to the pathology and biology of Oomycetes and ultimately, may provide a 
mechanism for control of P. cinnamomi in native vegetation communities, such as 
the introduction of a non-virulent or even sterile strain of P. cinnamomi into the 
native population. 
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7.5 THE HOST·PATHOGEN INTERACTION IN THE VEGETATION 
COMMUNITY 
Diseases in natural ecosystems are often assumed to be less severe than those 
observed in domestic cropping systems due to the extensive biodiversity and spatial 
and temporal factors exhibited in wild vegetation communities. However, as an 
introduced disease, dieback due to P. cinnamomi has had a significant impact on 
Australian native ecosystems because indigenous plant species have had little 
opportunity to develop resistance to the pathogen. 
Interspecific variation in resistance toward P. cinnamomi has been demonstrated in 
several native Australian species (Bennett and McComb, 1982; James and 
Ashbumer, 1997; Marks and Smith, 1991; McCredie et aI., 1985; Stukely and Crane, 
1994; Tynan, 1994). Recently there have been reports of X. australis regenerating 
and recolonising old dieback disease areas in the Brisbane Ranges and Grampians 
National Parks even at sites where P. cinnamomi could still be isolated from soil 
(Weste, 1997; Weste et aI., 1999). Further investigations are required to evaluate 
these plants for resistance. If resistant plants were identified, callus and cell cultures 
established as a component of this thesis (Chapter 5) could be further induced to 
produce resistant plants for revegetation of infected areas. In this study the 
development of cell cultures has provided a unique opportunity to examine the 
interaction between X. australis and P. cinnamomi at the cellular level. 
7.6 PHOSPHONATE: A CASE OF INDUCED RESISTANCE 
Phosphonate fungicides were discovered in the early 1960s to be effective in control 
of Oomycetes. The use of phosphonate in control of P. cinnamomi in Australia's 
native vegetation communities is becoming increasingly more common. 
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Phosphonate is relatively inexpensive and displays low toxicity toward non-target 
organisms. However, despite the increase in the use of phosphonate, the biochemical 
mechanisms central to its mode of action are still poorly understood. At high 
concentrations phosphonate is thought to act directly to inhibit pathogen growth. At 
lower concentrations application of phosphonate induces a rapid defense response in 
the host plant following pathogen challenge (Guest and Bompeix, 1990). This 
phosphonate-induced response has now been demonstrated for the first time to occur 
in the highly susceptible monocotyledon X. australis upon infection with P. 
cinnamomi (Chapter 6). 
Application of phosphonate to both single cell cultures and seedlings of X. australis 
resulted in the enhanced production of phenolics in cells in close proximity to the 
infected cell within six hours, suggesting these compounds may contribute to 
resistance in the host. The in planta response correlated well with observations made 
in cell suspension cultures treated with phosphonate indicating that the cell culture 
system provides a good representation of events that occur at the cellular level in the 
X. australis seedlings. In seedlings the deposition of phenolic and lignin-like 
compounds was also observed in cell walls in close proximity to the invading 
hyphae. While these responses restricted pathogen invasion it is probable that they 
are associated with an as yet undetermined biochemical response. 
Phenolic compounds and their derivatives, produced via the phenylpropanoid 
pathway (PPP), participate directly in plant defence (Ruiz et al., 1999). Free 
phenols, such as caffeic acid and catechol, and phenolics released from polyphenolic 
compounds, contribute actively while others, such as lignin, play a passive role 
CSuti6 and Sinclair, 1991). Production of phenolic compounds and activity of 
phenylalanine ammonia lyase (PAL) have been associated with disease resistance in 
Corymbia calophylla infected with P. cinnamomi (Cahill and McComb, 1992). 
Chapter 7: General discussion 259 
Similarly, Candela et al. (1995) reported an increase in phenolic compounds in 
resistant varieties of Capsicum annuum infected with P. capsici. 
Phosphonate, and other chemicals such as salicylic acid and jasmonic acid, are 
known to induce activity of the PPP following pathogen challenge (Cohen et al., 
1993; Jackson et al., 2000; Kessmann et al., 1994; Nemestothy and Guest, 1990; 
Saindrenan et al., 1988). Increases in phenolic compounds and the activity PAL, 
similar to responses observed in resistant species, have also been reported in 
normally susceptible plants treated with phosphonate and phosphonate based 
fungicides. Saindrenan et al. (1988) found that phosphonate increased both the rate 
and magnitude of accumulation of the phytoalexins vignafuran, kievitone and 
phaseollidin in cowpea leaves upon infection with P. cryptogea resulting in cessation 
of fungal growth. Jackson et al. (2000) demonstrated an increase in soluble 
phenolics and the plant defence enzymes 4-coumarate coenzyme A ligase and 
cinnamyl alcohol dehydrogenase in E. marginata treated with phosphonate following 
infection with P. cinnamomi. 
Results of the present study entice further questions regarding the mode of action of 
phosphonate. What is not known is the exact timing of the phenolic production in 
cells adjacent to invading hyphae and infected cells. Further investigation is required 
to determine which enzymes are activated by phosphonate upon pathogen challenge 
and the precise timing of their induction. It is necessary to determine the activity of 
PAL and other phenylpropanoid pathway enzymes within the first 24 hours post 
infection as PAL activity has been shown to precede changes in phenolic material 
following infection of host tissue (Rathmell, 1972). Furthermore it leads to questions 
as to the identity of the phenolics produced and also how these phenolics act to 
inhibit the pathogen. Future work should include a comparison between the 
activation of the defence response by phosphonate in a resistant species and a 
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susceptible species to provide a better understanding of the action of the fungicide on 
the host defence mechanisms. Based on evidence from previous investigations 
examining the mode of action of phosphonate, and findings in the current study, it is 
proposed that phosphonate stimulates the innate defence system of X. australis 
following infection by P. cinnamomi, via the phenylpropanoid pathway to enhance 
production of phenolic compounds and lignin-like compounds thereby creating 
conditions unfavorable to pathogen growth. 
7.7 CONCLUSIONS 
The current study provides important information regarding the structure of the P. 
cinnamomi popUlation at Anglesea and how this population relates to those in other 
regions of Victoria, and Australia. It constitutes the first such examination of the P. 
cinnamomi population in the Anglesea heathlands of southern Victoria providing a 
basis for future investigations and phenotypic and genotypic stability of this 
population. The development of cell suspension cultures of X. australis enabled the 
interaction between P. cinnamomi and this highly susceptible host to be examined at 
the cellular level, an approach not previously taken. Comparison of cellular events 
with those at the tissue level enabled a more comprehensive investigation of the 
effect of phosphonate on the host defence mechanisms. Results suggest that 
phosphonate acts to initiate a defence response in X. australis, inducing production 
of phenolics and cell wall depositions to restrict pathogen invasion, concurring with 
observations made in resistant species following infection by P. cinnamomi. 
The outcomes of this project contribute fundamental information for development of 
management strategies to protect the Anglesea heathlands for future generations. 
The occurrence of variation within the population at Anglesea highlights the need for 
implementation of stricter hygiene practices and management protocols to avoid 
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introduction of external genes into the gene pool. In addition, the ability of 
phosphonate to control P. cinnamomi in such a highly susceptible host as X. australis 
indicates that chemical control, used in conjunction with physical control measures, 
would assist in restricting the continuing spread of this notorious pathogen in the 
Anglesea heathlands, thereby protecting this species-rich ecosystem for future 
generations. 
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APPENDIX 
A-I. Phytophthora Selective Medium - PARPH 
Prepared according to the recipe of Kellam and Coffey (1985). 
Ingredient Product Name Quantitl: Manufacturer 
Sigma Chemical 
Pimaricin 20mg Company, PO Box 14508, 
St Louis, MO 63178, USA 
Ampicillin 125 mg Sigma Chemical Company, MO, USA 
Rifampicin lOmg Sigma Chemical Company, MO, USA 
Pentachloronitrobenzene 133 mg (PCNB) 
Hymexazol Tachigaren 70mg Sankyo Company, Tokyo, Japan 
Corn meal agar (CMA) OxoidLtd 17g Unipath Ltd., Basingstoke, Hampshire, England 
Distilled water (DW) lL 
CMA was dissolved in DW and autoclaved at 121 DC for 20 minutes. The pimarcin, 
ampicillin, PCNB and hymexazol were dissolved in 40 ml distilled water. The 
rifampicin was dissolved in 5 ml ethanol, the solution vortexed and then added to the 
remaining antibiotics. The antibiotic mixture was passed through a 0.2)lIll 
Acrodisc® syringe filter (Pall Gelman Laboratory, Pall Corporation, MI, USA) 
before being added to the autoclaved medium. The medium was then poured into 
sterile disposable 9-cm-diameter plastic petri dishes (Techno-Plas, Saint Marys, 
South Australia). 
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A-2. 10 % V8 Juice Agar 
V8 juice agar medium was prepared based on the method of Miller (1955). 
Ingredient Quantity 
V8 Juice 100mi 
CaC03, 2 g 
Bacteriological agar 17 g 
Distilled water 900 ml 
Manufacturer 
Campbells Soups Australia, Lemnos Rd, Lemnos 
3631 
BDH Chemicals, Victoria, Australia 
Oxoid Ltd, Hampshire, England 
CaC03 was dissolved in the V8 juice and the mixture then added to the DW and the 
pH adjusted to 7 using 1M NaOH. The Bacteriological Agar was added to the 
solution while stirring continuously on a magnetic stirrer until the agar was 
dissolved. The medium was autoclaved at 121°C for 20 minutes, then left to cool to 
approximately 50°C before being poured into sterile disposable 9-cm-diameter 
plastic petri dishes. 
A-3. Corn Meal Agar (CMA) 
Ingredient Product Name Quantity Manufacturer 
Corn meal agar (CMA) 
Distilled water 
Oxoid Ltd 17 g 
1L 
Unipath Ltd., Basingstoke, 
Hampshire, England 
CMA was dissolved in DW and autoclaved at 121°C for 20 minutes. The medium 
was left to cool to approximately 50°C before pouring into sterile disposable 9-cm-
diameter plastic petri dishes. 
A-4. Clarified 10% V8 juice agar 
Ingredient 
V8 Juice 
CaC03, 
Bacteriological agar 
Distilled water 
Appendix 
Quantity 
400ml 
5g 
17 g 
900ml 
Manufacturer 
Camp bells Soups Australia, Lemnos Rd, 
Lemnos 3631 
BDH Chemicals, Victoria, Australia 
Oxoid Ltd, Hampshire, England 
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The CaC03 was dissolved in 400 ml V8 juice and the solution centrifuged at 13,000 
rpm for 15 minutes to remove insoluble matter. The supernatant was collected and 
100 ml dissolved in distilled water. The pH was adjusted to pH 7 using 1M NaOH 
and the medium autoclaved at 121°C for 20 minutes prior to being poured into sterile 
disposable petri dishes. 
A-5. Potato Dextrose Agar 
Ingredient 
Potato dextrose agar 
(PDA) 
Distilled water 
Product Name Quantity 
39 g 
1L 
Manufacturer 
Sigma Chemical 
Company, MO USA 
PDA was dissolved in DW and autoclaved at 121°C for 20 minutes. The medium 
was left to cool to approximately 50°C before pouring into sterile disposable 9-cm-
diameter plastic petri dishes. 
A -6. Preparation of Miracloth 
Miracloth (Calbiochem-Novabiochem Pty Ltd, Alexandria, NSW) was cut into 8cm-
diameter circles, using scissors. Miracloth discs were placed in a beaker under 
running tap water for 20 minutes and then boiled in water for 10 minutes. The 
boiling water was discarded and the miracloth rinsed in distilled water. The 
boiling/rinsing procedure was repeated three times. Miracloth discs were then laid in 
glass petri dishes, covered in distilled water, wrapped in aluminium foil and 
autoclaved at 121°C for 20 minutes. 
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A-7. Clarified 5% VSjuice broth 
Ingredient Quantity Manufacturer 
V8 Juice 400ml 
5g 
CampbeUs Soups Australia, Lemnos Rd, Lemnos 
3631 
CaC03, 
Bacteriological agar 
Distilled water 
17 g 
900ml 
BDH Chemicals, Victoria, Australia 
Oxoid Ltd, Hampshire, England 
Clarified V8 broth was prepared as for clarified V8 agar, with the exception of agar. 
The broth consisted of 50 ml clarified juice in 950 ml distilled water. The pH was 
adjusted to pH 7 with 1M NaOH and the broth autoclaved at 121°C for 20 minutes. 
A-S. Mineral Salts Solution 
Prepared according to the recipe of Chen and Zentmyer (1970). 
Ingredient 
Calcium nitrate 
Ca(N03h.4H20 
Potassium nitrate KN03 
Magnesium sulphate 
MgS04.7H20 
Chelated iron FeEDTA 
Distilled water 
Concentration 
O.OlM 
0.005M 
0.004M 
M 
Manufacturer 
BDH Chemicals, Victoria, 
Australia 
BDH Chemicals, Victoria, 
Australia 
Ajax Chemicals Ltd, 
Sydney, Australia 
Sigma Chemical 
Company, MO, USA 
Calcium nitrate, Potassium nitrate and Magnesium sulphate were dissolved in 
distilled water and autoclaved at 121°C for 20 minutes. Upon cooling and then 1 
ml.L-1 M chelated iron solution was added through a 0.22/lm Acrodisc® syringe 
filter. 
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A-9. Clarified 10% V8 juice broth 
Ingredient Quantity Manufacturer 
V8 Juice 400ml 
Sg 
Campbells Soups Australia, Lemnos Rd, Lemnos 
3631 
CaC03, 
Bacteriological agar 
Distilled water 
17 g 
9S0ml 
BDH Chemicals, Victoria, Australia 
Oxoid Ltd, Hampshire, England 
Clarified V8 broth was prepared as for clarified V8 agar, with the exception of agar. 
The broth consisted of 100 ml clarified juice in 1000 ml distilled water. The pH was 
adjusted to pH 7 with 1M NaOH and the broth autoclaved at 121°C for 20 minutes. 
A-10. DNA Extraction Buffer 
Prepared according to the method of Raeder and Broda (198S). 
Ingredient 
Tris-HCI; pH 8.S 
NaCI 
EDTA 
SDS 
Concentration 
200mM 
2S0mM 
2SmM 
O.S% 
Manufacturer 
Ingredients were dissolved in distilled water and the pH adjusted to 8.S. The buffer 
was then autoclaved at 121 DC for 20 minutes. 
A-H. Phenol for DNA extraction 
Phenol was prepared as described by Raeder and Broda (198S). 
Crystallised phenol was melted in a water bath at 4SoC. The phenol was then 
equilibrated with an equal volume of extraction buffer by adding the buffer, shaking 
the solution, letting it settle then removing the upper phase. This was repeated twice 
more before adding a final volume of extraction buffer. The phenol was stored under 
buffer at -20°C. 
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A-12. RNAse 
The RNAse solution was prepared by the method given by Raeder and Broda (1995). 
Ingredient 
RNAse A 
NaCl 
Tris-HCI; pH 7.5 
Concentration 
15mM 
10mM 
Manufacturer 
Sigma 
A 10mg.mr1 solution of RNAse A was prepared by dissolving g RNAse A in NaCI 
and Tris-HCl. The RNAse was stored at _20DC. 
A-13. Electrophoresis Buffer (TBE Buffer) 
5 x TBE was prepared according to the method provided in Maniatis et al (1990). 
Ingredient 
Tris base 
Boric acid 
EDTA 
Concentration 
0.89M 
0.89M 
0.002M 
Manufacturer 
The tris base, boric acid and EDT A were dissolved in distilled water and the pH 
adjusted to 8.0. The buffer was autoclaved at 121 DC for 20 minutes and then diluted 
ten fold prior to use. 
A -14. Gel loading buffer 
The gel loading buffer was prepared according to the method provided in Sambrook 
et al (1989). 
Ingredient 
Glycerol 
Na2EDTA.2H20 
SDS 
Bromophenol blue 
Quantity 
5 ml 
0.37g 
1% 
O.Olg 
Manufacturer 
Sigma 
Ingredients were mixed together, and the volume adjusted to 10 ml with sterile 
distilled water. 
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A-1S. 2.5% Glutaraldehyde in O.1M Piperazine-N, N'-bis-[2-ethanesulfonic 
acid] (PIPES) buffer 
Ingredient 
PIPES buffer pH 7.2 
Glutaraldehyde 
Concentration 
O.IM 
25% 
Manufacturer 
Sigma Chemical 
Company, MO, USA 
Sigma Chemical 
Company 
Ten ml of 25% glutaraldehyde was dissolved in 90 ml of O.IM PIPES buffer. The 
solution was stored at 4°C. 
A-16. 1 % Osmium tetroxide (OS04) 
Ingredient Concentration 
OS04 2% 
PIPES buffer, pH 7.2 O.IM 
Manufacturer 
ProSciTech, 
Sigma Chemical 
Company, MO, USA 
The OS04 from the purchased vial was added to distilled water to give a 2% 
solution. This was left overnight to dissolve. 
Immediately prior to use the 2% aqueous OS04 solution was used to make a 1% 
solution in O.IM PIPES buffer. 
A-17. Saturated sodium hydroxide solution for clearing of Spurr's Resin 
sections 
Ingredient 
Sodium hydroxide 
Ethanol 
Concentration 
100g 
100mi 
Manufacturer 
BDH Chemicals 
The sodium hydroxide pellets were added to the ethanol and the solution was left for 
three days. 
Slides were left in the solution for three minutes to remove Spurr's epoxy resin from 
the sections. 
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